
-' ~ AGARD-CP-302

QC

It 4,D

ADIOY RU.FR-EOPAERSAC EEOMN

con

AGARD CONFERENCE PROCEEDINGSNo30

Helicopter Propulsion Systems

1f~TVT

DiSTRIBATI ONAND VILABILIT

ON BACK COVER



AG.ARD-CP-302

NORTH ATLANTIC TREATY ORGANIZATIUN

ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT

(ORGANISATION DU TRAITE DE L'ATLANTIQUE NORD)

AGARD Conference Proceedings No. 302

HELICOPTER PROPULSION SYSTEMS

Papers presented at the 57t0 Specialists' Meeting of the AGARD Propulsion and H
Energetics Panel, held at the Ecoie Nationale Sup~rieure de l'Adronautique et de I'Espace

(ENSAE), Toulouse, France, on I 1 - 14 May 1981



THE MISSION OF AGARD

The mission of AGARD is to bring together the leading personalities of the NATO nations in the fields of science
and technology relatiaig to aerospace for the following purposes:

- Exchanging of scientific and technical infomation;

- Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defenceposture;

- Improving the co-operation among member nations in aerospace lesearch and development;

- Providing scientific and technical advice and assistance to the North Atlantic Military Committee in the field
of aerospace research and development;

- Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in
connection with research and development problems in the aerospace field;

- Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

- Recommending effective ways for the member nations to use their research and development capabilities for
the common benefit of the NATO community.

"The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
representatives from each member nation. The missior of AGARD is carried out through the Panels which are
composed of experts appointed by the National Delegates, the Consultant and Exchange Programme and the Aerospace
Applications Studies Programme. The results of AGARD work are reported to the member nations and the NATO
Authorities through the AGARD series of publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

The content of this publication has been reproduced directly
from material supplied by AGARD or the authors

Published September 1981

Copyright © AGARD 1981
All Rights Reserved

ISBN 92-835-0299-X

Printed by Technical Editing and Reproduction Ltd
Harford h1ouse, 7 9 Charlotte St. London, WIP 11D

iU



rI

PREFACE

A Specialists' Meeting on Hclicopter Propulsion Systems was held in Toulouse, France,
during the week of 1 I th May 1981. This meetiag was the 57th conducted by the AGARD
Propulsion and Energetics Panel. The objective was to bring together those individuals whc
have made significant contributions to the field and to promote diaiogue on subjects related
to component tecluology for turboshaft engines and transmissions, inlet protection sysems,
engine-airframe dynamic coinpi lility, and future requirements. This meeting was held in
parallel with a Fluid Dynamcs Panzl Symposium on Aerodynamics of Powerplant
Installations. The meeting site was the Ecole Nationale Sup~rieure de l'A6ronautique et de
l'Espace, Complexe Adrospatial de Lespinet.

The Technical Evaluation Report (TER) for the Helicopter Propulsion Systems
meeting was prepared by Mr Warner L.Stewart, Director of Technical Services, NASA-Lewis
Research Center, Cleveland, Ohio. Mr S-ewart's TER is i very complete summary of the
meeting and will serve as a basis for future meetings on helicopter-related technologies.

The program committee appreciates the support given by the local coordinator and is
pleased to have had the opportunity to hold the 57th meeting at such excellent facilities
in Toulouse, In addition, the summary and TER provided by Mr Stewart are gratefully
acknowledged. His work in support of the Propulsion and Energetics Panel has been
valuable in hi-gh-ighting arcas in need of iiaeased aLtention.

JOHN ACURIO
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TECHNICAL EVALUATION REPORT

by

Warner I.Stcwart
NASA Lewis Research Center

Cleveland, Ohio, USA

1. INTRODUCTION

The helicopter emerged upon the aviation scene approximately 30 years behind fixed wing aircraft. Althou1gh it
found some use during World War 11, it was during the Korean War that large numbers of helicopters were built. Since
then an increased number and types have cmerged - to a point where, at the present time, it plays a significant role in
both military and civil applications. Although in the past most helicopters were designed for military use, many designed
specifically for civil or combined uses are emerging - responding to nem, needs for such an aircraft (off-shorc oil, logging,
etc.).

The significant improvements in helicopters have been paced by advancements in the propulsion system, including
both the engine and power transmission. Indeed, the advent of the gas turbine engine revolutionized the helicopter much

to the same extent as it did for the fixed wing aircraft. Its unique features of high power to weight ratio and reliability
have resulted in it being used almost exclusively in present helicopters.I Although the modern helicopter and its associated propulsion system is highly sophisticated, many problems still
persist. In addition, new requirements are demanding still further improvements in the technology of engines and trans-

missions. For these reasons - and the fact that the NATO community is depending upon the helicopter to increased
degrees for both civil and military uses it was very appropriate for the AGARD Propulsion and Energetic Panel to
sponsor the subject Specialists' Meeting. The objectives were to provide a f.. oru for discu.sis,,. of current technical
prohiems facing this sector, nev. requirements Icquiring advanced technology, as well as some of the new and emerging
technologies of interest for this application.

2. SESSION CONTENT

The I leli,cpter Propulsion Systems Specialists' Meeting was divided into six sessions with a total of 25 papers
plan,;cd 'Three were withdrawn, with 22 p-apers actually presented. The Table of Contents includes those papers
pri sented bt session number For purposes of this review, the order of grouping of these papers has b-een modified in
order te better group themn from ;t subject matter standpoint. Thesc ten groupings will be briefly reviewed in relation to

':he meeting cb-ectives.

General Interest Two CO!:."i , ...... -ere uC o tinuore general interest aol nontechnical in con tent.

- A fin was presented describing the pioneering efforts of Italy's Corradino d'Ascanio in piloting the first success-

F fully controlled helicopter iii 1930.

.F Paper No.13. by 1). Bertrliailt (Fr), described helicopter development in France. lIe described this in terms of three
geneirations (). eras in helicoplter evolution piston, ttirboshaft and indatrity. Ile pointed out that France now
has 15 per cent of tie world market through stuch aircraft as the l)atrphin 11. Super Puma, and Ecuretlil. Ilie Cnded
on an optimistic note commnenti|ng on the increased emiphasis in civil and in udtl ipurpose use as well as foreseeing
increased collaborative effoiIs anionest toe Europeans.

Surveys 'Three papers were preseinted projecti4., a look into the future from the view of three countries.

- Papcr No.1 by ;.ilolbrook (US), was die keynote address looking at the past. present, and future of helicopter
propulsion. Issues for the fulure ideirified in this cxcellent paper included reliability, fuel consumption, life
cycle cost, tiiil emergency power rating. These issues became themes to be repeated many times throughout the

inceting. The paper also preseted some aggressive proje,'tions for the future and challenged the engineering
cormmniunity to make it happen.

Paper No.4, by M.Paraniour and M.Sapsard (UK), parallcid the keynote speech but with major emphasis on
military issue.. The paper identified enviroinrental l:azards. range and endurance, life cycle costs, and flexible use

""i



of ratinrg% as Majdor- Co nec11; 1rrsu tire futu re. It also con clude ct1hat, for theri r appl icatiotns, enrvi ron menital resistance
anrtd toW cost Of ow net Mi i p oo d lie of greatcr imnport ance t han highrer pe rtorritarrct:

Paper No.25. y II. [tree and G. Hack i tartin (GL), also rel at ed pririnci pat Iy to mili1tatry mttission s. It deser ii rd miiissiotn
treeds, anid -claited Ilhcri ito propurlsionr requrirenrents. It porn led out that two-cnincfl aircraft Would probably Ite
rcqtuircd fr~ot tile Standpo11int (it Iliglit training. It also comnciuitled oitn fireimpact of' dwindling resources (fuil,
an d st rat egic mi aterialIs) on thre dfesigni of" lotuore engines. It also eminphasized thle ove rrid inrg iniii ortarince o' li fe cycle
cost (iniclurd ing l'otir prourmen r til and owne rstill, aspects) for t ire C ernia iimiilitadry' iiiissiotis.

lkevelupincilil Hfistory 'Iwo papers docrit[1jreted solni of' the expetienice., gaiined iii recent developmnrert programs.*

Paper No.2, by J.tiresco (FR), reviewed procedures used to satisfy certification and airworthiness requrirentneits
for tire Makila enigirir used in the Stiller Puttia. Topic,. covered included simrulation testing oi- control respsonses,
ertdurance testing arid salt corrosion qualification testing.

Paper No.3, bly C.CrawhtOrd anld W.Crawf'Ord (UIS), discussed lessons learried during thre T700 developmrenit

prograrin. The two part paper tjrnst covered thre wide range of- requiremients placed on this enigine to mreet tire US
Armiy needs. Pihe second parrt then described how successful tire G.E. development program was ir nmeeting these
retluireittents. Its success was Pointed out to be the result of a trill test program during development, extensive
service testing, anid time to mtake fixes belore coimmitting tire engine to production.

Engine Component Technology - Three excellent papers, were presented directed at technology developments f'or small
gas turbine engine comoponents.

- Paper No.8. by . Selirader and W.Selincider (US). dwelt principally on advancements in thre aerodynamic

conmpotnents arid discussed higher prressure ratio compressors with fewer numnber of stages, advanced reverse flow

comrbus~tors offering reduced enmissionis, arid cooled stmall axial turbine stages.

- Paper No.5, by J.Dominy anid K.hlart (UK), concentrated on comuponeirs tor power transmrission systemis
including bearing and engine gearirng technology and then internal air systemrs including turbine blade and

nozzle vane cooling together with disc scaling and cooling.

-- Paper No.24. by C.W.alker, G.Weden and J.ZUk (US), coniplersrent':d tire above two papers by touching on all of

the areas involved. Subjects Covered included LDV systems for flow mapping, felt ceramic combustor liners,
variable area radial turbines, and spiral groove lift-off seals.

Tire above paper,- enitnaliaied chat!knges to theý dicsiguen io confront Mte detrimrental effect of rcduced size on tire
performiance aird miecha~nical integrity of components for lower power turbosiraft engines. They also highlighited tire role

anid imiportance of advanced conmputational methods in the design and analysis of these advanced components.

Preliminary D~evetopnment - Two cormplemsentary papers were presented representing somse of the early developnment
activities in tirrope irs relation to a moediunm size advancedI turbostraft engine.I

Paper No.6, by J.11hourmouiziadis anid lt.Kreiner (GE), prescented MTU's part of the activity, looking at a 900 kw
unit. Tne paper was in two pa~rts. Tire first concerned itself with confliguration selection working from a base to
a considerably more simplified arrangement. Cycle pressure ratio of 12 was sCelcIted as the OptitiUM when
considering related losses. The second part then describsed some of tire related component activities. Tire key

to success was viewed as being a combhinat ion of good analytical tools, component test first, and then verification
in enigiries.

-Paper No.-/, by M.Giraud and tiLoustalct (FR), described their part of this program and, irs a mariner similar to
tire previous paper. included two parts. Tite first described the interactive nature of "architecture", comiponent
geometry, and cycle. Tire Study started with tire simplest of architecture but mnoved close to thie Gernman

geomectry when cycle considerations (SEC) were considered. Tire papcr also described related component
activities. Tire conclusions enuphasized tire importance of the integration of tire three considerations descrihed
atbove, and also pointed out tire requirement of collaborative development efforts.

Alternative Engine Cycles Although several papers touched on this subject, one was ,exclusively devoted to it.

Paper No 9, by tIGrieb arid W.Klusstrrann (G[-,), re-exaniined tire potential of thre recuperated engine with

enmphasis on mtilitary missions. It was pointed out that such a cycle is favourable when extensive operation at

low "mrean" power is utilized. Several lay-NtS were presented arid a reasonable potential was shown in termns of

bo011 weight (including fuel) arid life-cycle costs.

Tranrsmission Considerations - Three excellent papers spotlighted tire importance of helicopter power transmission arid

covered a range of subjects frotm research to technology to developrmenit.

Patper No. 10, by B.Shotter (UK). was a futndamental paper dealing with lubrication breakdown tbetween meshing

gear teeth. Its intention was to give a feet for thre physics of wear irnitiation including Scuffing and micropitting
-concentrating on the sources of daimage. Illustrative photos were itretuded together with sketches to show

contact history in relation to filmn wedge buildup and breakdown.



Paiper No.*11, by 1.Rtosei, and ll.11riirt (US), covervd two technology programrs. Thre first conrsidered high contact
ratio gearing aird included descriptions oflboth the advantages of' this typse of gearing as well as attending
problems. The second part them hrighrlighted progress miade iii exploring thle potential of a fabricated stainless

steel t rminsnission ho~usinrg. ('oni nietit Oil recoin nCIiided 1`1 t 11eCItransis isi on RNT were also incl uded.I Papcr No. 2. by A.Garavaglia and G.GattinlOni (IT), discuIssed tile design criteria for thle A 129 helicopter drive
system. The paper showed someC of thle interesting and novel engineering featurcs included in that system.IInilto arid Protection Systems Two very complementary lidpers were presented covering this subject which is of'extrenle

imiIportancte to heclicop ter opera tio ns.

-- Paper No. 14, by A-Vuitlet (IR). discussed tife many tactor-. affecting Imeicopter inltl design (ice, sand, gas

ingestion, pressure distortion anid loss, etc.). Comparisons between "static" and "pitot" inlets were covered at
length including forward velocity e ffects. Aerodynamic considerations requitred included entrance position,
surflace area, and lip thickness.

Paper No.] 7, by P.Brarnmer and D.Rabone (UK), described case histories in the area of environnicoitat protection.

lFxperietrees witht the Sea King were highlighted with tire various design modifications to intcorporate added
protection against tfire elements described - A similar discussion of thle Lynx was inlcluded. Proposed] protection

for the T700 powered L:1110 1 was also inicltuded and indicated to tic very conservative.

JBotti papers indlicated that tile Subject of' Intlt protection is a sCry difficult probleit in~deed and must bie considered
as an intportant f Aor in ttie beginnitng of developmentt to insure success.

Propulsion/Airfrarne Compatibility - Itiree papers were presented coverinig three timportaint aspects 0! this subject.

-Paper No.20, by- C. Atbreclit (US), emrphasized comipatIibil it y itt ention requiiired due to thie sopti ist ica t iot of'
this type aircraft, the cost of correcting problemis, as well as (the myriad ofinittrfaces invotlved. Several interesting
C xamtptes were cited including bot tilie problem anid solution- Tbi e pa per indicate t clIhat, to mininitiniz such

problems, tile latest in technology must be applied togethier with a strong propulsion/airfrjane companly relation-

Shtip.

-Paper No.21. by D.lDini (IT), psreseitted anl interestintg treatise onl factors affecting engint: response dire to main
rotor transients. Ettgine effects conisidered included g)yroscopic. acceleration, andI distortion. Torque input
variations were described fromn such sources as lift variations duec to forward velocity, types of rotor Nystems
to bie cotnsidered, as well as flight usaneousrs.

-Paper No.22, by UGeCiroux and I1-11.Mife (FIR), dwvelt onf two very %tij~iiicatit aspects of- ticIl-(icotC desifn
vibration and itnoise . It iniclided t wo parts. The f -irst discussed rot or getierated vi brat ion and dlescri bed nt et itods

to reduce tliiv vibration at tile sotmve as well as techlniquies for reducing its transmissioin into Ithe fuselage. The
seconmd pa rt dealt witlb mua in gear noise considered the inost sign ificaitt sotirce of cabini noise. Factors.
considered itt redutcinig t iiis mnoise inchludedt gea rinrg redesign, special oilIs, MIciiCl iOn ot resonancsthC' Ilrough tie
tiairsler chain, datmiper uit iIiz.atIion, antd sounnd absorption treat men I.

Emneigency Power Rating Although touchied oit in ntmy ipers, two papers were devoted exclusii'ely x this extremely
iniportant anrid critical sit bjeCt . Of Course, Of most sign ificanlce is tilie appli cat ion to t will-Cinginte in samir a ins.

Paper No. 1 9. by I.Dted icu. M .Russier aimdi II.Dtabbadie (FR), gave art ap proachi intIroducinug tife concept of'
-stiie rc m ergen cy mating- whtichi Iranslates in to thre ittitiliat ion of higher litrbinte inilet temupe ra tlure dii 6 ii

enle rgen cy ulse. Fntginle a pplicat inn st ties" were 're'sentcdt ; -1 1 ii~ t.ns.Tu eatno vr
tenli c'rat iirinrg Io lint sec:ti un c-reep was tlien described toge thter wvit lIt recoinmirenided flowv a ppi oachl o engi ne
utili,,atOiln. This WsOUld incluIde a one-miinutie liiiit at1 this high towmpot attirre withI subsequent enigitic removal for
in pc'Cl ionl allii lmosbibil overhal n It wvas I inpet that floew cc rt ifica mti1 11'rOCed tires employinu Itthis concept VOUIld
lie incorpora fed in Itile tear fii tiirc.

Prpe r No. 2.. by I .L ew is (UK). also addressed th is i ssue leidai-oni. Thne paper descritbed tile present rat inrg "YSiCiii

together wvithi it., innay disadvantales. It also introtduiced lire teriti -reeti" as a mieasuire of accunmuilated lot

NOCtioti daiirage. Tlhe aper piotisfil te iir iitiredutiorn of anM LrigineC mlonitor jhug sy'stem t~lnt would allow Imrcking
oft this, "creep"'. Cctificai nc toilsvtId thIen include po sc r ye rsi is crecip in '(Itor~t i~t tinamid wou)ld be used to 93auge

life consutmted.

3. CONCLUSiONS AN) RFCON1IMENIATIONS

The palpers presenitedit:r the mteetinig. ill fitlectlirricil I vauttator's opiuiio'i. si-cr %cry srieessttit ill ticcijlru si~iilng
thec uubiu:ctises itrilirted at tire begitni ng, Tire ia 'jo r issueCs arid coiternrs rcla lcd to helic:opter piropulsioni were. amttply

spotlIight ed. Theiy were cl]early presentedi. treat ct from seve ral vie wpoinit s, an it c Jvild extecnrsive discris~si ni. lIn genreral,.

tire piper" were miot lieas'y ill termits ill' tletailedtchnicalr a content bitt ccrt~iitly wvere tit ut dlepthr stifficietiA for ptniposo-
f1 tfie iteetirig.
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It is recommended that, for future meetings, the Propulsion and InergetiL Panel consider some of the more critical
subjects surfaced during the course of the meeting and covered by many of the papers, Suggested topics include the
following:

- Small E;'nginc Techmology addressing issues of reduced siue on acrodyianmics, and mechanical perlormance, as well
as structural integrity. The subject is important for applications beyond that of helicopters.

- TTechnmisjlgm 7cchmiihgy covering such elements as performance, reliability, vibration and noise. Ixtremely
important in relation to increased acceptance of the helicopter inl the civil market.

-ilet atiJ ml'ironlInital I'mrtct ion which has become so critical for many of the more severe missions

encountered by this type vehicle.

- JLnergncy ' Power Rating was a subject brought up repeatedly at the meeting as a critical issue in the optimizing
of engines for use in two-engine helicopters (the one-engine out issue). Present rating systems should be thorout0hly
explored together with an examiniation of all the potential alternatives.

Finally, the Technical Evaluator would like to express his appreciation for the opportunity to serve in this capacity
in contributing to the 57th Specialists' Meeting of the Propulsion and Inergetics Panel, It was indeed a pleasure.

F Ii
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Helicopter Propulsion Systems - Past, Present and Future

by

Robert R. Lynn, Senior Vice President - Research and Engineering
Bell Helicopter Textron

P.O. Box 482
Fort Worth, Texas, U.S.A., 76101

and

Gordon E. Holbrook, Consultant
(Formerly of Detroit Diesel Allison)

18418 Horseshoe Circle
Rio Verde, Arizona, U.S.A., 85255

Keynote Address

AGARD - PEP Specialists Meeting cn
Helicopter Propulsion Systems

Toulouse, France

May 11-15, 1981

SUMMARY
1.
Helicopter propulsion systems are reviewed, and it is noted that helicopter development
is paced to a major extent by the power plant. Power available, reliability, fuel con-
sumption, power-to-weight ratio, and life-cycle costs are key parameters.

The application of emerging technologies such as microelectronics, ceramics and other
new materials and approaches, and the continuing refinement of the aerodynamics and
dynamics of gas turbine power plants are discussed and noted to result in a significant
benefit to the helicopter and its operator.

Important airframe-propulsion system interface requirements are given, and the need is
discussed for new innovative certification procedures that provide for emergency opera-
tion with acceptable economics.

Finally, future propulsion system capabilities are projected and their dramatic beneýfitt
for the helicopter noted. Bringing this about is the challenge for propulsion system
specialists.-I

INTRODUCTION

A key element in the progress of rotary-wing aircraft is its propulsion system, consid-
ered here to consist of the engine and the rotor transmission, together with their
respective interfaces to the airframe.

The early helicopters (Figure I of 2) were powered by the Otto engine for the same
reasons that that engine wa:; first selected for fixed-wing aircraft. This engine could
be made reasonably lightweight, had a low fuel cunsumption, was reliable and available
in a range of power outputs that was adequate for the needs of the early aircraft.
However, it became apparent that another type of power plant would be needed because the
limiting power output per cylinder for reliable operation of the Otto engine was about
115 horsepower per cylinder, and that increasing tbe numbers of cylinders beyond eight-
een led to unacceptable complexity and operational problems. With this type of engine,
a transmission is required to reduce the engine output speed to that of the rotor with
engine/rotor speed ratios of 9:1 to 12:1.

Figure 1 - Sikorsky Model R-4, Figuro 2 - Bell Model 47, 4

First U.S. Production Hlelicopter First Commercially Certificated Ilelicouter



The transmission was considered to be a disadvantage principally because of weight and
complexity, and a number of alternate typec of power plants were investigated aimed at
eliminating the rotor drive transmission, the attendant antitorque system and the inher-
ent power limitation of the Otto engine. Experiments were conducted with rotor-tip-
mounted low- and high-temperature air nozzles or pressure jets, ramjets, pulse jets, and
even zockets. Most of these systems were built in a single rotor configuration and
flown successfully. Figure 3 illustrates some of these early transmissionless machines.

Kellett Aircraft Corpo ratio
KH-13 Rocket

- Huqhes Aircraft Company American Helicopter Company

XV-9A Hot-Cycle Turbojet XH-26 PulseJet

Figure 3 - Transmissionless Helicopters

It was found that while these power plant weights were relatively low, the complexity
and structural problems associated with delivering compressed air and/or fuel and elec-
tricity up the mast and out the rotor blades, the high centrifugal force field in which
blade-tip-mounted engines were required to operate, the noise they generated, and their
very high fuel consumption made them impractical or, at least, not competitive for mis-
sions beyond about 50 nautical miles. Their fuel consumption ranged from about four
times that of a reciprocating engine for a hot pressure jet to a factor of 50 times for
a rocket.

Concurrently, the efficiency and reliability of the gas turbii e engine were improvinq
rapidly. The free Power turbine, driving Ule rotors through modern transmissions, was
ultimately adopted for most helicopter applications becaulse of the inherent advantages
of the turbine, its fwvorable torque-RPM characteristics, and its freedom of the need
for a disconnect clutch. The power response characteristics of the two-shaft turbine
were recognized to be inferior to that of the single-shaft turbine, and some helicopter
manufacturers selected the single-shaft engine and accepted the penalties associated
w.th a disconnect clutch. Power response is an even more important consideration for
multien~ine helicopters.

Current gas turbine engines have cruise fuel consumptions of about 1.2 to 1.5 times
those of reciprocating engines of the same output. However, the reduced turbine engine
weijht offsets the slightly higher fuel consumption for all but the longest ranges.
Additionally, the turbine operates with considerably less noise and vibration. With its
use have come improvements in reliability both for the aircraft and the engine. Most
current turbine engines require transmission reduction ratios in the 20 to 25:1 range
for helicopter application.

As the turbine was introduced into the helicopter, design improvements in the second
generation or evolved transmissions allowed the increased gearing associated with the
higher ratio to be absorbed, essentially without notice. Allowable stresses of primary
bevel gears were increased by 30 percent through the application of better materials and
manufacturing methods. Transaission time between overhaul (TBO) was increased because
of the experience developed with the reciprocating engine, continuing better designs,
and due to the smoother operation associated with the turbine. The Bell Model 47 trans-
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mission TBO was about 200 hours when it was first put into commercial service. When the 1
Huey helicopter was at a comparable stage of development, its transmission TBO was 1000
hours.

Although significant progress has been made in rotor and airframe aerodynamics and struc-
tures, the high state of development of the helicopter would not have been possible if it
were r " for the introduction of the gas turbine with its high horsepower output per unit
weighL .nd volume, good efficiency, and its virtually unlimited power output potential.

Although there is still some interest in the pressure jet propulsion system for very
large helicopters and a great deal of interest in the reciprocating engine for the very

small helicopter, future progress in helicopters will be paced by the advancing technol-
ogies in gas turbine and transmission design and manufacture that will further increase
their reliability, efficiency, and decrease specific weiyht, and volume, all at an accept-
able cost.

It is the purpose of this specialists meeting to examine these emerging new technologies
so that the potential improvements that they offer can be understood and used to improve
the helicopter.

PRESENT STATE-OF-THE-ART

There are in service today a wide range of gas turbine-powered helicopters for both mili-
tary and civilian applications. Governments most often sponsor the initial research and
development efforts for a new engine and helicopter maunufacturers have been quick to
adopt the new engines to improve their commercial helicopters, resulting in immediate
profitable use by the operators. The helicopter manufacturers and the operators have
jointly developed this new, vigorous industry, but it is paced by engine development.

In :;ome cases, it is feasible to replace re-
ciprocating engines with a gas turbine. The
S58-T and the Soloy 47 are examples. The
Soloy 47 (Figure 4, is an Allison Model 250
gas turbine repowered version of the 260-
horsepower Lycoming piston-powered Bell 47, owe,
which went out of production in 1974. Bene- Z=
fits for this installation are improved per-
formance and better direct operating cost
achieved at an increased engine initial cost
at least five times that of the reciprocat-
ing engine. Figuxe 4 - 'oloy Turbine Repowered=

There are now available a number cf well-de- Bell Model 47
veloped free turbine engines ranging from
420 up to 4400 horsepower that are specific-
ally designed for use in helicopter propul-

sion systems. Figure 5 shows a map of the ,
key parameters associated with available en- 6 R•CPROCA,,N•

gines. The spread in parameters indicates
the effect of size and technology level. -
Figures 6 through 12 illustrate some of the st
available engines and the helicopters in 2 4

which they are installed. Other engines are
under development to produce over 8000 horse-
power on a 90 0 F day at 4000 feet altitude. F
There is still a lack of a flight-qualified 2uel Consumpion
tu...rbie tn.gihe of uIIdeL 400 horsepower rat-
ing. For this reason, a sizable number of wo o
helicopters of 3000 pounds gross weight or - G "D 0

below, such as the new Robinson R22, con-
tinue to use the reciprocating engine. Do

The available engines may be used in single j

or multiengine installations for efficient 40

helicopters with gross weights ranging from 30

about 3000 to well over 100,000 pounds. 20n

Thus, except for the very small machines,
helicopter development in almost any size 0

class is not limited by lack of available 00 2m

turbine power plants. With most new commer- ANN
cial developments, however, it would be most L.
unusual to find an available high technology
power plant that would provide exactly the 12odesired performance for the precise size 4 •o ". Airflow

helicopter that is sought. There is a dif- • 00

ferent situation with the military where _ _ .
very careful attention is paid to providing ' ,( 300 0o 5000 00 7 o 09

the proper size engine, and where most often TAKo,, o*IRhp
engines are developed for planned helicop-
ters. Figure 5 - Map of Key Engine Parameters
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Bell Model 206B HughesModel 500D

MBB Model BO-105C Agusta Model A109

Fglure 6 - Detroit _Diesel Allison C2PL Turigine and Hclicoptcrs it-owrs

Bell Model 206L-III Sikorsky Model S76

Figuire 7 - Detroit Diesel Allison C30 Turbinc Engjine and Helicopters it Powers
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Bell Model 222 Aerospatiale Model AS350

MBB/Kawasaki BK1l7

Figure 8 - Lycoming LTS 101 Turbine Engine and Helicopters it Powers

Hu~ghes Model AlI-64 -Bell Model 214ST

Sikorsky Model Ull-60

Fiqure 9 - General Electric T-700 Turbiie ErIgine and H1elicop~ters it Powers



Agusta Model A129 ' •• Westland model WG30

Figure 10 - Rolls Royce Gem Turbine Engine and HelicoPters it Powers

~a -i

Aerospatiale Model 332

Figure 11 - Turbomeca Makila Tuxblne Engine and Helicopter it Powers

Boing Vertol Model CH-474A/B

1'xguiQ 12 - Lycoming T55 T'urbinc Einginc and 1le] icuptel s IL l •UWe"rs
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Power, weight and fuel consumption data
from current engines are shown in Figures
13 and 14 as historical trends, based on A

the year the eng1 ne was certificated or 7a I
qualified. It is been that the higher
power engines have better performance, and
that engine performance overall has im- o "
proved as a function of time as new tech-
nology features have been introduced. The A -
technology improvements have largely been .'oA,
associated with materials and aerodynamic 6 SFC

advancements, and we can reasonably expect 'hp"'

such improvements at least to follow the
trend projected from our history into thefuture.

But, it is believed that the historical
projections are conservative. In the
past, a major effort has been exerted to
reduce engine complexity at the expense of
performance. Reliability and initial cost -960 ,940 1,7c 1980 190cannot be sacrificed; however, with the YEAR 9 F 1970 1990 199

new situation in fuel availability and YEAROFQUAUFICAOON
increasing cost, engine manufacturers must Figure 13 - Historictl Trend of
take advantage of additional approaches to Turbine Engiae Specific Fuel Consumption
improve efficiency, including such things
as the use of variable geometry and cool-
ing schemes and recuperation. These will
be discussed later.

a

Current transmission systems have reached
a relatively high state of development. 7
Allowable surface compressive stresses and
gear root bending stresses have increased
over 10 and 35 percent, respectively, over
second generation design values. initial
times between overhaul (TBO) now start at
a level to which earlier designs had to be ENGINE a
gradually developed. The same is true for cv
the power or torque per pound of transmis- hEGHT 4. I

sion. Progress is being made in reducing '. -, A -J -

transmission structure and airborne noise 3 a O 0 "
by use of such approaches as higher con- y
tact ratio gears. Today's transmissions 21
offer more features--simple diagnostics in A,,

the form of chip light detectors, lowernoise, and often the ability to continue I

operation for a significant time after
loss of lubrication. This technology was
originally spawned by military require- 19,0 1990 1970 1980 199s
ments and is known as "fly-dry." An YEAR OF OLALIFICATIO,

alternative to a fly-dry transmission is Figure 14 - Historical Trend of
to provide an emergency lubrication system. Turbine Engine Suecific Weight
This, too, has been done successfully.

Power transfer couplings have improved significantly over the dcsigns of two decades
ago, and puweL matching in twin or triple engine designs is now an accomplished fact.
New transmissions must keep pace with the technology level of new engines.

Current engines and the transmission systems that they drive are in a wide variety of
configurations and technology levels. While all of them give, or promise to give, a
creditable account of themselves in service, there is much room for improvement. The
most significant areas that need attention include:

Engine and transmission reliability
Engine control system reliability
Engine fuel consumption at cruise power
Propulsion system initial and life-cycle costs
Emergency power rating
Engine and transmission size and weight
Propulsion system health monitoring
Noise and vibration levels
Inlet air filtration
Low grade fuel cayability
Engine/transmirsion/airframe integration

In the paragraphs that follow, the technologies needed in each of these areas will be
discussed briefly, together with the promise for progress which they offer.
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TECHNOLOGY ADVANCES NEEDED

Reliability

Once the helicopter is designed, its propulsion system selected, the development leading
up to its qualification and/or certification is complete, and it is introduced into
service, the early performance predictions tend to fade into the background, and the
economics of its operation become uppermost in the owner's/operator's mind. Primary in
this regard is the aircrafts' and their power plants' reliability; i.e., the ability to
perform consistently in the manner required for the intended use.

NASA states' that approximately 49 percent of the instances of unreliability in modern
turbine-powered helicopters occurs in the propulsion systems. Of these, 35 percent are
attributed to the engine or its associated systems and 14 percent to the transmission.
A review of helicopter accidents due to material failure shows that the engine and its
systems cause over two-thirds, the transmission system less than 10 percent. Bell data
indicate that in a typical helicopter fleet, an unscheduled interruption of operation
due to aircraft material problems occurs once every 400 flight hours. About 30 percent
of those interruptions are caused by the engine and transmission systems.

It is obvious that improvements that reduce the number of these interruptions will
increase safety, reduce costs and increase customer satisfaction. In the great majority
of cases, new technology is not required to improve reliability, merely a more careful
attention to detail in the application of known principles. Early correction of the
service-revealed difficulties is vital to the continued growth of the industry, and
engine manufacturers must appreciate this.

Even though most cases of unreliability can be corrected easily, there are some areas
where the current designs are being pushed to the limit, and future progress depends on
the application of new technology.

For example, experience has shown that as many as two-thirds of the power interruptions
in flight are causrd by the present generation of partially open-loop, hydraulic- or
pneumatic-mechanical engine control systems. Present-day and future gas turbines need
more precise closed-loop schedulina of fuel flow and variable geometry features to match
the pilot's power demands to the ambient condit.ions and engine requirements. %The appli-
cation of microelectronics to the fuel management and variable geometry systems, par-
ticularly during engine starting, shows promise of providing precise and reliable re-
sponse of the engine to flight requirements and. thus, of reducing pilot workload, con-
serving engine life, and providing greater power reserves.

Operational recording devices and maintenance techniques can be developed that continu-
ously monitor propulsion system health and total life used so as to give early warning
of unfavorable operating trends and impending troubles. These systems will permit the
establishment of least-cost maintenance programs that are consistent with the reliable
operation of the propulsion system.

Eventually it may be pos• ible to integrate the flight and engine controls for even
greater simplification of the cockpit, reduced pilot workload and increased safety. It
is here that a great part of the human error accidents that make up 70 percent of all
accidents might be prevented. A word of caution is in order, however. The environment
into which these devices are thrust must be clearly understood and protected against.
In addition to heat and vibration, the ever increasing electromagnetic pollution of the
atmosphere is of concern. There is a great deal to learn here, and we must proceed
cautiously.

Transmission reliability might be most improved through better manufacturing teclniques
that provide ultra-high levels of consistency, thus eliminating the stresses associated
with manufacturing variation. Improved inspection techniques are important so that
inclusions can be minimized. Techniques for measuring root bending stresses should be
more precise than observing tooth loading patterns.

In the design of propulsion systems, care must be taken not to overemphasize weight
reduction, when a little more could provide significant improvement in reliability. The
trend of contracting power-by-the-hour for the helicopter, as well as for the engine,
can be expected to grow rapidly as our customers demand consistent, predefined cost of
operation. This will cause design approaches to become more conservative.

An improved operating environment for the engine and transmission can contribute greatly
to the reliability of the propulsion system. Inlet air filters or particle separatorý,
crash-resistant suction fuel systems, highly effective fuel and oil filters and oil
coolers, engine/airframe dynamic compatibility, vibration isolators and low-loss exhaust
systems that minimize reingestion and protect the airframe from high temperatures are
all important elemaents of successful helicopter propulsion systems. All require con-
tinuing improvement.

af
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The integration of the engine and transmission is also quite important. Engine shaft
speeds will always be pushed as high as aerodynamic refinements allow, so as to reduce
the size of the engine. With higher engine output speeds, greater speed reduction is
required. Thus the question, how much of this reduction should be taken as part of the
engine, if any, and how much in the helicopter transmission? This question must be
answered for each design, based on considerations of mounting and shafting. The possi-
bility of mounting the engine and transmission together as a single unit should not be
overlooked.

Specific Fuel Consumption

In the light of the curtent fuel shortage and ever increasing fuel costs, the fuel
consumption of the eagine at cruise power is an important factor in the earning power of
the helicopter. The importance of fuel cost is indicated by Table 1,2 which shows the
fuel costs for several Bell helicopters as a percent of direct operating costs (DOC) for
various prices of fuel. In the future, even with the coming low-grade fuels, fuel costs
can be expected to exceed the upper values shown, and, as they do, fuel consumption
reduction becomes mandatory.

Fuel Cost, U.S. $/GAL
Helicopter 1.0 1 2.0 [4.0 ASSUMPTIONS
Model No.

Fuel Cost As % DOC
1200 FLT HRS PER YEAR

206L-1 15 24 34 DEPRECIATION @ 7% P.A.
205A-I 24 35 47 INSURANCE @ 6% PURCHASE PRICE
212 24 36 49 INFLATION @ 8% P.A.
222 16 25 36 5 YEAR INTERVAL FROM MIN TO

MAX FUEL COSTS

Table I. Fuel Cost as a Percent of Direct Operatin) Costs

In the continuing evolution of gas turbine technology, reduction in specific fuel con-
sumption can be achieved by higher pressure ratios and increased turbine operating
temperatures, as well as by better compressor aerodynamics, improved combustion, more
efficient turbines, and reductions of losses caused by tip clearance and friction.

i n---------•--,-, ..... .mprovemcntc, it is ...... that at adequate sLail margin be re-
tained, so that the engine can operate smoothly throughout the flight regime. Engine
performance deterioration must be minimized throughout the overhaul interval or provided
for initially, and engine performance must be readily restored to original levels during
overhaul. Inlet air cleaning and flight line washing techniques, tugether witl good air
filtration and simple, rugged designs, are contributory to this goal.

It is also most important that full power is available within a few seconds of pilot
demand. This can most likely be achieved by better control of running clearances and
temperature control systems. The requirement for almost instantaneous power response
from the remaining engine(s) upon engine failure caus s one to look again at the single-
shaft turbine or to consider the more complex and more efficient three-shaft designs.
Power response time is extremely important.

Higher turbine operating temperatures will require more extensive use of turbine cooling
for metal wheels, blades, and vanes cnmhined with high-temperature coating or, alterna-
tively, the introduction of ceramic components. This family of materials, with its high
strength-to-weight ratio at elevated temperatures and corrosion resistance, shows promise
of reliable high-temperature operation with increased useful lives and reduced weight
and parts cost.

The use of a highly effective recuperative system to reduce fuel consumption is a possi-
bility, especially for large, long-range rotorcraft or for military helicopters requir-
ing infrared suppression. Even for smaller commercial helicopters, a lecuperative
system might be attractive if it were designed as an integral part of the fuselage to
minimize it's size, weight, and drag impact.

Variable geometry and cooling schemes offer considerable promise. The variable cooling
involves manifolding and throttling to reduce cooling air flow at part power operation
for better efficiency. Variable geometry takes the form of variable compressor and
turbine stators, variable exhaust and turbine nozzles, and gas-producer clutching arrange-
ments. These devices do increase parts count and cost, but they offer the possibility
of major improvements in efficiency. Table II2 presents the probable specific fuel
consumption and weight of the types of devices mentioned. It is seen that very signif-
icant improvements can be expected, and these add to the cycle and component efficiency
increases projected from history.
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Percent Change

Device SFC Enlgine Weight
Reduction Incied:3C

Variable Cooling 2 2
Recuperation 19 24
Variable Geometry 27 26

with Recuperator
Variable Geometry 13 4

without Recuperator

Table 11. Potential of Engine Developments

Propulsion Sy, tem Weight

Propulsion system waight is an important factor in the critical trade-off between engine
plus fuel weight and useful load and range. Advanced aerodynamic technology can reduce
the number of stages in the compressor and turbine, thereby reducing weight and increas-
ing reliability.

Transmission gearing can be made somewhat
lighter by refined design techniques, but ,. -.

presently known materials, heat treatments, 7"
surface processing, and lubricants are
being pushed to the limits. The use of ..
double-vacuum melt steels, new steels with
higher allowable stress, improved lubri-
cants, especially those with higher Rydet
capacity, and silicon nitride bearings in '- " -
special applications are possible avenues
for reducing transmission weight. New
configuration transmissions such as the
use of traction drives, especially for the I
smaller systems, offer promise. Consider-
able weight savings are possible in the ..
transmission area. ,

Figure 15 shows the relative Hertzian and
root bending moment stress levels that
have been used in transmission design in Q, , ,. •, 4,
the past and similar data for new materi..ls
being evaluated now. Figure 16 shows the
resulting increase in mean time between ... ..........
removal (MTBR). Clearly, time will bring ......
further improvement here. Figure 15 - Gear Strength Trend

Composite materials are finding broader
application in the propulsion system
because of their high specific modulus, woo

light weight, corrosion resistance, and
used in cowlings and inlet systems. . .. -

High-temperature polyimide materials are
extremely attractive in these applications.
AlthoughL bi~eie ubed in product-ion, success-
ful drive system shafting has been made of
graphite. Transmission cases have been
made of composite materials. Figure 17
shows a composite transmission case in pro- ,".,

cess for a Boeing Vertol CH47D helicopter.
Figure 16 Improvement in Gear

We should pursue the promise of composites-- Surface Failuro with Time
including metal matrix composites--through-
out the propulsion system. Possible
applications include high-speed shafting,
compressor components, and engine and
transmission gear cases, providing the
reduced heat transfer coefficient through
them can be offset by increased cooler
capacity with a net weight reduction. .
Development efforts should be continued to -.
understand more fully and to control the -
unique properties of composites so that
they can be used with the same confidence
as homogeneous materials. Figure 17 Boeing Vertol Filamentli

Wound Advanced Composite Transmission Case



Propulsion System Costs

Although propulsion system acquisition cost is a large part of the total cost of a
helicopter, it is small when compared to the life-cycle cost of the system, which in-
cludes the fuel, lubricants, parts, maintenance, and labor used during the useful life
of the system. Thus, it is prudent to consider life-cycle, cost-effective improvemento
to the helicopter and its systems, including the propulsion system, even though the
acquisition costs may be increased.

The technologies discussed above aimed at increasing parts life and reliability and
reducing fuel consumption must be viewed as they contribute to reducing life-cycle
costs, rather than the shorter term acquisition costs. Similarly, propulsion system
manufacturers must make the hard trade-offs such as between increased reliability arid
lower fuel consumption based on consideration of life-cycle cost. This concept will not
be easy to sell to our prospective customers, unless it is backed up by innovative guar-
antees--and this is what we must do.

Rating Philosophy and Qualification/Certification Procedures

There is an urgent need for some truly innovative thinking on the part of industry and
the civil regulatory agencies concerning the rating philosophy and certification pro-
cedures for helicopter engines, particularly those used in multiengined aircraft. In
those applications, the maximum allowable gross weight of the helicopter is not limited
by the total installed power, but rather by the amount of power available from the
remaining engine(s), should one engine fail at the most critical point during takeoff.

This leads to a set of one-engine-inoperative (OEI) ratings for use during emergency
conditions, which occur very infrequently, if at all, during the life of a given engine
or helicopter. At present, the highest emergency rating in current engines is approxi-
mately 110 percent of the takeoff rating and is called a 2-1/2-minute rating. It is
demonstrated by fifty 2-1/2-minute runs for a total of 2 hours and 5 minutes of testing
in the United States Federal Aviation Administration's required 150-hour certification
endurance test. By contrast, the same test schedule requires only 11 hours, 40 minutes
of operation at takeoff power, which is used about once every flight. At the conclusion
of the test, the inspection of the engine parts must not reveal any impending failure
that would compromise further safe operation.

The infrequent situations requiring emergency power during takeoff would normally exist
for no more than about 10 to 20 seconds of operation of the surviving engine(s) and
would occur only to complete a takeoff after one engine failure at the critical altitude
and temperature condition, with no wind and tith no suitable landing aLea available.
This situation does not occur often, and when it does occur, the required duration of
the emergency power is very low.

The amount of testing at the 2-1/2-minute rating is disproportionately high. Because of
the long test time, the emergency power level that can be certificated is limited due to
the creep and stress rupture considerations of the turbine rotor. If a shorter demon-
stration period were acceptable--say ten 30-second bursts to a maximum emergency power
during the 150-hour test--the rating could be as much as 125 percent of the takeoff
rating, thus increasing the allowable payload of the helicopter by approximately 50
percent.

Even higher OEI ratings, perhaps as much as 150 percent, would be possible as a "burn-
out" rating, demonstrated by a single 30-second burst followed by 15 minutes at normal
rated power (NRP) on the type test engine following reassembly after the post-test
inspection. The burnout rating would be certificated with the undersanding that that
rating would be used once, and upon its use, the engine would be returned for overhaul.

There is also the need for a higher enroute emergency OEI power rating. Although this
rating should be of a much longer time duration, the approach of requiring engine over-
haul after the use of that power would allow the definition of an acceptable certifica-
tion test. The time duration for the enroute emergency OEI power rating should allow
time for the disabled rotorcraft to fly to a location where low altitude flight could be
maintained at NRP. Although this will vary depending on what area of the world the
flight takes place, it is believed that a one-hour emergency enroute power rating would
suffice, with flight at NRP allowed for an additional two hours.

The aerodynamic design of the compressor and its operating line may have to be adjusted
to achieve these higher OEI ratings without surge, possibly resulting in a slight com-
promise in cruise fuel consumption. Even so, there would be a reduction in total fuel
used for a given payload because of the use of higher percentage of NRP during cruise.

1*
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THE CHALLENGE

It is visualized that future helicopter propulsion systems will consist of two or more
turboshaft engines driving through high reduction ratio, lightweight, on-condition,
fail-safe transmissions. The engines will have a higher cycle pressure ratio, more
efficient compressors and turbines, operate at higher turbine gas temperatures than
present engines and incorporate variable geometry features. These engines will be free
from surge and capable of extv'emely rapid power response under all conditions.

The control systems would be the full authority, electronic type with engine and trans-
mission health monitoring and outputs to the flight control system. Both the basic
engine and transmission will be more compact and lighter in weight per horsepower pro-
duced or transmitted, and the engines will use considerably less fuel at cruise power
than they currently do. With these new engines, safety and economy will be provided
through the application of rational OEI emergency power ratings. All of these gains
will be accompanied by concurrent improvement in system reliability and a reduced life-
cycle cost.

The gross weight of a helicopter that is powered by this advanced propulsion system will
be about 20 percent less than today's helicopter doing the same job, and it will use at
least 25 percent less fuel and travel at about a 10 percent higher speed--because of its
improved propulsion system.

THE CHAtLLENGE TO THE PROPULSION SYSTEM spECTALIST IS TO IDLNTIrY THE

TECHNOýOGIES REQUIRED TO ACCOMPLISH THESE GOALS, TO LAY PLAYS TO

.1,'RING THEM ABOUT, AND TO MAKE IT HAPPEN.
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DISCUSSION

W.Crawford, US

I question the capability to achieve 50 percent emergency power capability without burn-out. Modem engines have
temperature/power derivatives that will not give that much additional power for significant temperature increases.

Author's Reply
Twenty-five percent should be available for present engines. Fifty percent is believed to be achievable through the
use of ceramic materials in critical locations.

K.Rosen, US

What plan would you offer for emergency power certification?

Author's Reply
Joint approach to the certifying agencies by the engine manufacturers, helicopter manufactureis, and operators, all
acting in concert. Actual time histories of simulated or real engine failures at critical points in the flight path would
be a start.

P.Brammer, UK
Is a 30-second burst at emergency power adequate?

Author's Reply

Perhaps not. This value should be settled by pilots. Some of them have indicated ten seconds is enough but it is

hoped that the number would conic out between 30 and 45 seconds.

|.
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nooe noos limiterone Ik examiner guolgoes essais sp6cifigues A an turbomoteur d'bilioopt~rs.

2 - PROGRAMME MAICILA

Nose avene choisi comma exemn)ie le programme du Lorbomoteur NAR[ILA gui dgoipo l'ke~licoptLre AEPOS-

PATIALE AS-332 Super PUNA.

Rappelone brihvemont l'originc et les p-rincipalec d~tap'es du programme tIAKILA. Lano6 en 1974 pour

rdpondro asa besoine do maroh6 des h6lioopt~rr'e de mayen tonnnage i long rayon d'action, lo MAKILA turbo-

meteor do ia classe des 1300 kw 1 1800 oh) vet Vunce conception codeine, entierement moýdolaire tout on

possldant l'arohiteotl!rr, qcridrale des niotours TUFIzLC*W1CA.

11 deseloppe en conditions Standard au nivvau do la mer 1240 kW aux rrEiimos do dtoollage er in-
texmkdiairc d'urgonce (ou 30 minutes) et 1310 kW as rdgimel M3XI doUrgonce (ou 2 1/2 minutes), ]a puissanwe
thermigque maximalo oct do 1 400 kW.



El-apse den~ du prograrmme

premiere rotation au bane en rtacteur Noevmbre 1976
premier Vol SUL PUMA SA 330 Juin 1977
premier vol nour Super PUMA A3 332 Septembre 1977
Reception des premiers moteurm do salie Docembr e 1979
Certification UGAC F~yrier 1980

3 - EXIGENCES REGLEMENTAIRES DE NAVIGABILITE

Comae pour tous Jos rurbomoteurs TUR13O4ECA pour lee. h6licoptkres gui ant A ls fois des applica- '
Lions civilos ot militairce, nuns avona choisi d'embl16e de r~pondre A 

3
ionveioppe des r~gloments civils

et A des points particuliers des sp6cifications militairee; pour lea colours, notamment en cc gui concer-
no los essais d'environnemoent.

Le MAKILA r~pond done a la fois aux exigences do2s r~glomonts do navigabilitd suivants

- Le JAR-in on Joint Airworthiness Requirements-Engines A 1'6dition 3 gui eSt le r~gle-
mont ouropeen pour les colours, bask ant le rý-gloment Britannigue B.C.A.R Section C a 1'6dition 10. Pour
information, lo JAR-in n'etant applicable anjonrd'hui gu'aux sloteurm d'avions ii a 6t6; adapte6 pour pouvoir
correspondre A l'installaticn motrice d~finie par la FAR 29, notamment en ce qui concorne lea r

6
gimea i

d'utilisartion.

- La FAR Part 33 A ]Aamondomont 8i

Le MAKILA a d6galomont subi des ossais d6iinis par lea Sp6cifications pour lea moteurs miliraires
MIL-E--6593 A or D.Eng RD 2100.

L'onsomole do ces r6gloments conotitue la base du programme des essais do validation do moteur.

Par rapport aux autros types do moteur cc gui caracterise essontiellemont lea notours d'h6licopt&-
re du point do vue des d~glomonts, coest l'existenco do regimes d'urgonce pour lea appareils moltimoteurs
classes en Cat6gorie A c'est A dire cortifi6s poor assurer on transport public de passagora

Regime maximal d'urgence solon definition BCAR Section C oo r~jimo 2 1/2 minutesI
solon d6finition FAR Part 1 destine a couvrir le cas do panne d'un cotour so ddcol-
lago pour les h6licopt~ros.
Coci siqnifie qu'en on., do Iaine d'unmtcr .- ururir. do puissance doit krrc
instanrondmont jisponýible Sur leou0 los autros moteurs. pour pormettro Ak l'hlicop-
t~ro do poursuiver la phase do ddcollago.

-Regim~e intermedisiro d'urgonco & durde illimirde solon d~finition BCAR 00

Regime 30 minutes solon ddfinition FAR Parr 1

L'oxistence do r6gimes d'urgonce conotitue une dunn6e fondamontalo po)ur la conception du colour
mais aussi pour le programme doessais. Tel oat le cas pour 1e MAXILA. Nous verrons dans la suite do loex-
pose quolles sont los implications particulieres Ak cos r~gisos sur lea ddmonstratiuns apport~es.

4 . EXIGENCESOPERATIONNELLES

Leo contraintos issues des oxigonces opdrationnellos viennent s&ajoutor aux exigences r~glomen-
tairos. Silos torment l'essentiol de la particularit6 des turbomoteurs d'h6licopt~ros par rapport aiix

antros types do mnt-i'r. Enie C"Cb parE !a variete des typos d'utilisstion alli6e a un large

6vonrail do conditions d'onvironnomont.

La difficult6 r6sido danc la simulation de ces conditions dans on programme d'oasais n~cessaire-
mont contract6 dana le temps afim d'anricipor au mioux les conditions r~olloa d'utilisation.,

Los diffdrenrs factoura dont il faudra tenir compte sort en partiCulior

.1__YLTA2_Tission

-transport

*transport public ou privd de personnel

*liaison avoc lea plate-torsos do forage on met, acheminemont de personnel, do ma-
t6riel.

*transport et secours on montagno

*liaison a6roports/villos
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- travail a~rien

*transport de charges A 1'6lingue
* grutagO'

- su rveillance do lignes 6loctriques a haute tension, do routes. de pipe-lines etc ...
- evacuation sanitairo
- missions militaires divorses

1 environnoscjit
lee dift6rsnts types do mission 6nom6r~s sent d~alis'~s dans des environnements tria divers
tels quo 1

- atsosph&re saline propice a is corrosion (notafsment pour is desserte des plate-formes en
me r)

- atmosphbre sableusepropico A l'6oaion principalemoni danu lee -r~gions do Muyen Orient
- atmosph&se chaude et homide des pays tropicaux 6ygalement rropice A la corrosion ainet

qo so d6veloppement does micro-organiamos dana le carburant
- stsosphZ~re poiluic des r~gione fortement industrialiad~es pour lea missions prks do eel

do survol de lignes haute tensicn 00 de routes
- ataosphbre froide et vol soos is noige
- Vol sous ploic intense en pays tropical

Ž 2g_2e~rtions d'entrrtien
is qualit6 des opdrations doentretion vanie considdrsblement do fait do is moltiplicit6
des utilisateura d'hdlicoptrdre, do leurs isoyens, de is dispersion gd6ographiquo et en par-
ticulior do ldýloigneisent des bases d'entretien des zones d'utilisation.

Loexpos6 do ces exigences montro bien V'extr~ne vari~t6 des conditions ri~glementaires et opdrstion-
nolles 4u'il taut coovrir. Mais en outre, si des 45quipoments optionnele permettent Ak ]ihdlicoptdro do
s'adaptor A des travaux et des environnements tr~s diffdrents, le turboisoteur, isi, reatant en place, doit
assurer cette polyvalonce dans toos les cas.

Lee differentes contraintos exposdes ci-avant interviennent en effet soit isoldeent, soit combindes

et los essais devront donc en constituer one onvoloppe roprdsentative.

On imagine aisimont quo do* choix doivent &tre faits pour lea programmes d'eessi car ii nest pas
possible do roprodoire oxactersent so bane toutes les conditions suscopribles d'Ctre rencontrdea an servi-
ce.

51 eat done ndcessairc doeffectuer des ossais do simulation so bane sor 61iemnts sdpardc ot cur iso-
tour cosiplet pour s'approcher so plus pr~s des conditions opdrstionnelles ot anriciper aossiti~t quo pos-
sible lee probidmos glui risquent do so poser en utilisation.

5 - PROGRAMME DESSAIS MAKILA

Pans isosemble do programme doessais do torborsotour MAKILA nous avons choisi trois easais gui ont
pour objet die asiuier qoolguos ones des conditions oxposees prece6demisont et gui sent particolidres A Ilu-
tilisation don hdlicoptdro.

11 s'agit d'essaic q0i so rapportont sux questions suivantos
*Temps do rdponso en puissance ot rransforr des charges on cas do panno dun aolour
*TeLoni du colour on longue endurance
Rd~sistance du motour a is corrosion

5.1. Temps do r6ponso on puirsanco

S~ur [xdlieoptdre bi-isotour uno des conditions iiwportantos quo doit reaplir l'installation mottice,
c'Lst corers nous l'avons mentionn6 preeddeismont ls continuation do vol on cas de panne d'un moteur, m6me
pendant ]a phase do ddcollage.

Cotte condition isplique do rdslisor one r6golarion qui assure los foncti-ns suivantos
- transfort instantand do charge dos 2 coLours, 6ur on soul

- puissance maximalo disponiblo dane on d6lsi tr~s court (regime maximal d'urgonceou0
2 1/2 minutes) pour des raisons 6videntos do 56curird

- performances en transitoire pormettant cetto puissance sans porspago, sans instabilit6
ot sans depasseaont des limirec autorisdoc do vitesse, do couple or do tospdraturo
des gas.

- prdcision d'affictage do cecto puissance do fagon ak 6viter los sorges oxceesives prdjo-
diciablos A ld6valiiation des performances do 1'hdlicopt~ro.

- fid~lir6 d'affichaje do cette puissance A la fois pour des rarsons do cdcuritd or poor
evitor lo ddpassomont des lisitos do fonctionnement do meteor.



2-4

C'eat Vaaaoclatian d'une rdgulation do carburant do qualttd ayant des Marges confartables avant
dicrochage des compremseurs avec une bonne combustion en regime transitoire gui perset de reisplir COB

fonctions.

Sur is PuKIL la i solution choisie pour in r6gulation consiete en un r~gulateur shixe hydrom,&csniqus

et diectronique gui muintien: In vitesse de turtins tibro constante par action sour le ddi'it carburant

avac tine (onction J'anticipation grice 4 une liaison avec is pee g6n~ral de I'hilicopttre.

Noua no refltterols gas ici dana is ptIncipe ou dane le d~tail do ie. construction du rtguiateur. ce

West peas Jobjot do Vexpos6. ?doue aliens plutdr exceinor lo~i ossais 6 mettre en oeuvre pour v~rifier
quo touites lea fonictions Enomkrdes prdcddemment sont teiaixeee d'ibord stir is r69geiateur seul, ensuite
sur lp ioteur 3u Lanl- puis *ur is moteur en vol et on! in calanent los diffkcent~e parame-tres ep~cifique&
A lAutiliaation intorvionnent.

a - Senate do simulation 5cr r6gulatour

Les premiers esases a mertre en oeuvre ivonr ettecrude acev Xe r~gulntour soul Sur on banc de simu-

lotion.

NG W kW
RPM W2ý SHP 

A______________

NG MAX

Wil

1,5sec. TEMPS
TIME

A partir Woun fonictionremont etabilise correspondant ai une croisi~re Ai vitease donn6e par oxempic.,
on a un Etar do charge Sur le meteor gui correspond A tine vitesse du g6n~rateur de Yaz Ng, image de la
puissance soit W1 I On realise slots tnstantsn6rnent un 6chc-Ion do puissance par une simulation do charge
cur le rEjolateur ii pas g~nt~ral constant jusqu'6 one valour correspondanto do puissance W 2 qui repr~sente
in puissance maximale d'urgence, coesr A dire ia panne d'un moteor. on s'eat fixE pr~alabioment le temps

mfninui pour obtenir carte puissance, lequel ropr~sente Ie temps mini de rostaorstion do in puizsance pour
quo- le pilate puisso mainronir i'h6iicoptLre en vol dans ia phase la plus critique.

On vdrifie alors sur.lo r4a'lot-eur gee cc tc~mpa fix.- .' 1, uec. pour I-- MAKILA nest pas d~passd
et on contr~ie en mimse temps quo 1e IQ s'Etablit A In valour wxsamiaie predtetrmineesans quo le A Ny suit

sup~riour aux limites vaiid~as, et sans oscillation du rigulateur.
On rdalise ainsi grice ao simoisteor Xe contrbia

- do is disponibilit6 ce Is puissance maximalo

- do l'affichago do cetto puissance sans instabiiit6

- de Ia fid~lit6 et do is prtýcieion do cot affichago

-.do is rapiditd d'obt-.ntion do ia puissance ,naximale

Con mimes easels sent onsuite r~alis~s en sirrolant toutes lee coniditions d'environnemont enviss-
g;6ts

temphrature de carburant foi~ction du dosaine do tompdrerure ambiente pr.~vue c'est A dire do
-50

0
C A + 50*C. Er' fair le domaine A vonsid~ror s'6eind do -50OW A + 70CW pour tenir corapte

des temp~ratures d&impr~gnation des c~servoirs et des tuyautorios d'on hilicopt~re restant
plusiours heuree star on parking cii is temp~rature ext~rieore oat do + 50'C.

pression stncsphtrique &;est A dire altitide-pression donL linfluonce so fait sontir Sur
or. dispositif do contrblo Vacc~i~ratinn gui 46laLore one lin dv d~bit.

Los ossais ao banc consistent A 6rablir cette loi poor 6n fonictionnement aui eol do sorte I
cqutiie couvrei lensemble du domraine en aititocie. Lee v~rifications sent faites ult-6rieuro--
mont lore des os-ate en vol.



*conditions d'alimentation du moteur en carburant, c'est ý duie lee conditions de prebsior.I ou de d~pression a l'ampirarion de In pompe HIP.
On fait done varier pour cela le dibit et la pression ý Jientr

6
e pour simuier ls fonction-

nement avec et Gans pompe de gavags et on v6rifie qus Von obtient is Ng maxi dens ces
conditions.

*type de carburant

La vari6r6 des carburanta 6 utiliser eat la aussi une dee caraotdristigues de l'utilimation der,

turbonoteurs dbf~licopt~rem du fait, bien entendu, do le multiplicite des utilisateora, des regions et

des disponibilitdm depuis lea carburants approuv~s pour l'utilisation normals Jest Al, .3P8, JP4 et JP5'

jusgusaux carhurents de remplacements avec restrictions d'empini tels gue Is gaz-oil routier oc 1/essence

aviation.

Lea ossais dicritm ci-deasus sont donc effectuds succossivement ayes lea divers carborants prdvus
en utilisation pour v6rifier lea performances do r~guiateur au bans et ddfinir lea 6ventoslles limitations

d'emplox..

b - EssaiGsaur moteur so banc-

Loisgue la mime au point do rdgulateur iu Lanc de simulation eat terminee ii taut vdrif jet cetto
fois cur moteur complet gus toutes lea; fonctions mont bien rdalia~ea avec ls charge rspr6ssntde par tin

frein sot larbre de sortie mot~or. La diff6rsncs essentiells ayes l'installation sor h6licopt~re est

linertie entre la itemn do band et is transmission josyu'au rotor.

Do fait de Ilinertie et de la regulation de charge do fromn la fonction temps d'6tablissemnent de

la puissance maximale no peet &tre contr~lde so bans. On contr6lo par contre ia valeor de cette puissance,

c'est 6 dire en fsit la valeur do Ng maxi en augmentant progremmivement ia charge do frein.

N63 trims

RPM LMITE THERMIQUE
THE-RMAL LIMIT

LIMITE POUR OBTENIR LA PUISSANCE MAXI
L IMI T To OB TA IN THE MAX. POWER

_5

TEMPERATURE CARBURANT OC
FUEL TEMPERA TURE

On v~rific sinai quo Ia valeor de Ng so troove entre lea limitos soivauites corraspondant 2i len-
aerobic do domains do tenstionnement:

- limite therriique maximals validde pour le ciotoor

- liaito pour obtanir ia puissance moximale

Tous lea essais pr6liminsirss 6tant offsotuds on sonsidtre quo toutos les garanries mont pri-

sea pour obtonir en vol toa puissance msoximale d'urgenco mrais il rests S le vdrifier et, en particolier,

Zi diterminor godsl sat l'inflmonco ds linortie do la transmission et du rotor do l'helisoptL~re stir Ia

rdponse do r~nulatcur, ce gui n~avait Pu &tce fait so bane.

Cette v6ritimotion fait l'objet dorms 2~aelpagne d'ossais sur hd~lisoptere ob Von idaliso is ma-
nipulation suivainte : i pas constant en mnontic en bi-moteur on rarrm~no brutaismoent is menette do commando
do debit do catburant doun des motcuxs do la position "rL~gulation" 3 ls position "ralonti-vol" corrospon-

d 6t on stazi a~ ion observe Id6volution des param~trcs :N.G du 2e motour et N rotor prinoipalement.



EMSAIl SUIR MOTEUR IN VOL

ENGINE FLIGHT TEST$

NG MAX

NG fr/mn - RPM

======ZCOUPLE.- TORQUE

T4 
0 c ec r

PAS ROTOR HELICOPTERE
HELICOPTER ROTOR PiTC;H
N -iOTOR HELICOPTERE tr/rnn

55_ý HELICOPTER ROTOR RPM

'u 15a.TEMPS
TOP TIME

L'ivolution du N6G permet donc finalement de s'assurer que le transfert de puissance s'effectue
bien Sutr le ototeur resrant et qu'il ddlivre bien is puissance necessaize & is poursuite du vol dana un
temps compatible avec lea conditions 6tablies sans oscillation ni ddpassentent des limites approuvees.

Cette m~me v6rification doit ensuite 6tre menie aur on nomtre aignificatif de r~gulateurs et
dana toutes lea conditions revendiqu6es & savoir

- altitude
- ditt~rents types de carburant
- carburant chaud et froid
- panne de pompe de gavage

Ce parcours complet 4itant achevd, on est aasur6 d'avoir couvert tous les types d'utilisation en-
visages avec le maximum de garanties.

S.2: Pceo4 Al.ndu.. c ,,,fv yules de vol-type

Le deuxi~me extimple toujr a tird du programme de d~veloppement ?4AKILA concerne l~endursnce
do moteur en cycles 4ue nous avons convenu de d6signer "vol-type".

Cosine noun j
t
svons vu pr~cedemmsncn la varift6 importante des otilisations de lbhilicopt&re

rend difficile la ditermination d'un aeul et came profil de mission. Il eat donc n6ceasaire de faire eec-
tamnes hypotb&aes simplicatrices. En fait le profil de vol-type qoel qu'il soit constitue unt r~f6rence
& partir de laguelle ii eat possible de d6rersiner lea influences de tel profil plus ou moins s6v~re.

La base de d6part eat conatitu6e par le ou lea spectres d'utilisation de l'hlicopt~re ex-
prim6 en puissance totale &i l'entr~e BTP at calculE& pour is masse inasimale en conditions Standard. L'exem-
ple soivant eat donnd pour la simulation d'une utilisation civile do transport. Pautrea simulations pcu-
vent axister pour des utilisations plus adv~res, en particulier militaires.

Ce spoctre a-- :;n'LiaE ec ramene en puissance par moteur avoc latmoaxdfdet a
lhers. latmsaxdf~et a

SPECTRE TYPE TRANSPORT CIVIL RFLD CLE01SA
civa RA~so~r ,ypc&P~PRCm EST CYCLE P0 1lI

G- NSl I mn l

TM D-oft anddonD-

PatIo 0.5 VNE

LOWE nresot 0,5 IonL =
Putior 0.7 VNEILS
Low~ tflot 0.7 VRE

PatHo 0.5 VNEi a naeonnair DES n
L-0d ftj~t 0.65 VRE and hoýy IGE _-
PattrQ.9 VNEI
Lanai ROE 0.9 VNt 11 IEýM
AopwottEt.- ~inar ~E0S n WE.R0 iARtS!-i

Awro- - -- - II - -IIch -. - .?. 
00 ho0. 

11I. -

S nanin-fF SHiP



F 2-7

On eni deduit un cycle type poor le mpotour dont ia durde total a 6t6 cijoisie 6 30 minutes. Ce cy-
cle do r

6
f~renco correspond ass Conditions Standard au niveas do la fler ut ii fast donc simuler l'utilisa-

tion du nuteur S des conditienf; thorniiquuui plus; sSv~ros A cut offer sn, partie: des cycles2 est roalisee

ai Standard + 20'C or une astro part to a Standard i35*C corronpundant a la linite du duisaine do function-

foment pour le mutest. 4 000 cycles do 30 minutes, o'est S dire 2 030 heures dossoai orit ainsi 6r6 reals-

5005. La simulation do functiunnosol(nt a tcinporaturo amltianto OICV1`U eat rolsid'L*jOe part un auj'i'tntant

is vi tosac~ do q~nt'ratesr do gaz pouut ottenir icr pui ssance cuirespondant0 so Sri et d autru part o:n of [cc-
tiant w F 1 Li-vemnt riair darrti re lo com[Jiossi'ur cent r ii ag dfc faýufl a obtoni Id la emjiinan-Uro d 'entr So
Iat Iiino 10L espondant as I oncrsnioiwwoii a tndr 2U0%u on 35'C.

Lensonimble do ces dispusitiuns last fair(: luluot do laccord des Services Officiols fran,.ais et-
dailleurs cc type derssi ost EoaliSS is plupart du tomps as Centre d'E~ss-ais des Propusisurs S Saclay
Sous la surveillance directo doý 003 Services;, ce gui Tot ic ces pour ILI MAKILA.

Le but principal do con- ossai 6tanr do verifier lendurance dea 6l6ninons ds mot,.ur pour le puten-
riel onvisag6 des d~rmontages id-guliors sont effecruds pour conn-r~lor I'etat des pi~cvs. on profilQe cgale-

moot do cot essai pour morn-re au point or. validor los mdrhudom dontretien ;inspections pdrrodigsos par

endoscopo, lavago comprosmour etc...

5.3. Essai d'ingostion d'oau saldo or do suscoptibilire a is corrosion

[Ine des stilisations los plus imporn-antes do lVbclicoptere Sur IC plIan Civil ost lo trans-

port "off-shore' pour los liaisons avec les platoeferises do forage en nor.

Un turboisotour d'hdlicopr6re doit done etre capable do r6siSter a i'agrossivit6 do l'anmos-

phere saline sans pour autant avoir des caractoristiqsos technologiqoos 00 do construction sp6cinigues

a loutilisatien marino. En offer connie ness lajvons vs pr6c~ddonmenr is polyvalonco des bdlicept~res no-

cossite quo ie tsr.. rteur psisso s'adapter S routes los conditionis doenvironnoment onvisagdes et il est

done pr
6
vu dans le pregrasu.. g~ndral des essais d'ingestion. dossu salde en- do susceptibilitd S is corro-

Sion.

Ces essais sont onprunt~s aux Spdcilications pour los meteors niilitairos Sritsnniguos

D.-Eng-ED 2100 00 Anericeins PIIL-E-8593-A iystinCs S couvrir: les utilisatiens marines.

5.3.1. Essal d'ingostion ideas sal~e

PHASE DUPEE.ENMINUTES FONCTIONNEIIEN1' INJECTION DEAU SALES

Partiolle Cuinulde

1 5 - Riglme Puissance O~cellage Marche
2 20 25 Regimeo Puissance Maximlale Marche

cootinue
3 5 30 Ralenti Arr6t

4 - - 2 accdl6rations ds ralenti

as rdgimo dicuilage Arret

- -Contr6lc des performances Arr6t

Le debit d'ean injcct6 a 6t6 r('g1t3 0,6 1/li, il ear re-parti onifemen6ment dans loentrrd d'air
so noyni d'un injectcsr colibr6.

i At J~.Ai'
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MSAI O'INGEITION DOEAU BALlE

sALr wArER INGEsrIoN

REF.(

2.

4.

10.

12. 50,516e ecycIa

2 1 6 a 10 12 14 I6 16 20

SLAVAGE WASHING

20 cycles de 3ku minutes, soit 10 heures d'essai sont ainsi rdalisdes. Ces essais aont. mis profit
&k la foi& pour virifier le comportement. des organes interneG du moteur & la corrosion par le sel et. pour
'mesurer" l'efficaciti des m~thodes de lavage du moteur.

Deux lavagLs avajent 6t6 pr~vus tous lea 2 cycles avec un melange d'eau cdemin~ralis~e et d'un inhi-
biteur de corrosion & 2%. Le lavage s'effectue rnoteur en fonictionnement. au raloýnti pendant 5 minutes, la

quantit6 inject~e est. d'er.viron 5 litres.

Apr~s le l3avge, le moteur eat proteg6 par injection dans lentree d'air pendant l'auto-rotation

d'un produit. hydrofuge pur.

Un relevid des performances est effectui au d~but et A la fin de cheque cycle et si lVon observe
l'6VOlLtion des param~tres d~bit d'air, rapport de pressiun, temp~rature d'entr~e turbine, puissance et

c-,eton .n peSuL
- mesurer la perte 6ventuelle de performances
- d6terminer lea organes du noteur qui se d~gradent
- 6valuer Vefficacit6 de la m6thode et du produit. de lavage

On observe que la perte de performances due 6 llencrassement par le sel eat importante, jusgu&A
12,5% sur la puissance mais que la ].avage effectu6 permet de restaurer les performances initiales ( et

m~me plus du fait que le motour d'essai n '6tait peas "neuf")

Sur le MAKILA ces essais ont permia de metire au point notamrent une rampe de pulv~risation instal-
l~e b poste fixe sur 1'h~licoptý,e, linjection du produit. de lavage pouvant mn~me ýtre comma,,d~e do-piuis
le poste pilote.

5.3.2. E~saai de susceptibilit6 lai corrosion

T'ezui cc dcz-... de !a- ii sla

a) Protection interne et externe du moteur
- injection en ventilition de 0,5 1 d'un produit hydrofuge 6 l'interi.-ur du eutoeut

- pulv6risation externe de 0,6 1 de ce mime produit

b) 2 heures apr~s la protection injection d'eau salee en ventilation jueqo 'a ce qu un
brouillard 46pais sorte en continu pendant 1 minute au moins par la tayt're

c) pulv~risation externe du moteur avec la solution d'eau salde

d) obturation des orifices d'ent-r~e d'air, de tuyý-re et de vanne de d~charge

e) le moteur reste ainsi impr~gn6 pendant une semaine puis on recommsence la mkme Up~ra-
tion sans protection pr~alable et on laisee & nouveau 1'eau sal~e agir pendant une
sema ins

f) h la fin de la seconde semaine le moteur eat. d6mont6 pour 6tablir Vlitendue et lem-
placement des zones corrod~es.

cet essai tr~s sev~rc permet de pr~ciser apr~*, analyse quelles sont lee modifications i apporter
pour obtenir une protection efficace.

'd - -a
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On observe k~ar exemple les zones o6 le sel s'eat d6posd sans corrosion et lea zones telles quc
certi ins plans de joints gui neceasitent une protection plus efficace.

6 CONCLUSION

Lea contraintes de diffdrentes natures gui sont imposees au constructeur d'un moteur d'h6licopt~re
pour r~pondre aux exigences tant r~egleaentaires gu'op~rationnellea n6cessitent d'&ablir un programme
d'esaai gui s'approcbe au plus pr~s de l'utilisetion.

Nous avons essay6 dana cet expos6 de montrer par quelques exeaples tir~s du programme MAKILA comment

Cas exigences se traduissient dens la pratique des esa isi . le_ co s r et__ret mtC'eat en restant attentif aux besoina des utilisateurs d'h4licopt6rea guel oarcei o~ _

tre en service des rroteurc touJJz:uzs iVLa 4UptUs; au marcne, toujnors plus performants, fiables et 6cono-j
miques -

60I
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AIRCRAFT TURBINE ENGINE DEVELOPMENT - CURRENT PRACTICES AND NEW PRIORITIES

by

Ch1iiles C. Crawford, Jr. William J. Crawford, III
Director of Development and Qualification Vice President and General Manager

U.S. Army Aviation Research Military Engine Projects Division
and Development Command General Electric Company

4300 Goodfelluw Boulevard 1000 Western Avenue
St. Louis, MO U.S.A. 63120 Lynn, MA - U.S.A. 01910

SUMMARY

The T700 engine program was conducted during the 1970s and is therefore representz.-'ve of
recent practices employed in the development of turboshaft engines for U.S. military
application. The engine, which is in the 1,600 horsepower class, recently entered service
in the twin-engine U.S. Army UII-60A Black Hawk helicopter. The T700's field introduction
follows an extensive program of technology demonstration, development, qualification and
maturity, which was conducted by the General Electric Company under contract with the
United States Army. The paper surveys requirements applied in the T700 program and
associated benefits, challenges and penalties. Suggested improvements for future pro-
grams are offered, and technology needs revealed during T700 dev(lopment are identified.
Post-qualification maturity testing, which was conducted to provide early exposure of
high-time failure modes, is described. Program features which are important for maximum
development costs payback are summarized.

SECTION I

PROGRAM REQUIREMENTS

by Charles C. Crawford, Jr.

This section describes major development and qualification requirements which had their
first U.S. Army application in the T700 program. General turboprop specifications from
the 1950s were the starting point in developing these requirements. The specifications
were updated with requirements subsequently generated for new U.S. Air Porce and U.S. Navy
engine programs, and incorporated unique Army requirements based on then current helicopter
operational experience. The resulting docucent was included in the Army's request to
industry in 1971 for an engine to power the planned Utility Tactical Transport Aircraft
System (UTTAS).

Under the performance requirements, 30-minute Intermediate Rated Power (IRP) and Maximum
Continuous Power (MCP) ratings were specified. This approach, plus the use of maximum
continuous limits for the drive system, would virtually eliminate the pilot's concern for
exceeding time-at-power limitations. At sea level standard day conditions, minimum IRP of
1,500 horsepower was required. A minimum acceptable level of power to be available at
4,000 feet/95'F (1219M/35*C) was also specified to ensure that the UTTAS could perform
its primary mission under altitude and hot day conditions. The U.S. Army considers that
the 4,000 feet/950 F capability will permit operation over 95% of the world. Maximum
allowable specific fuel consumption at 60% power was defined to ensure selection of
engine cycle parameters which would minimize fuel consumption at helicopter cruise con-
ditiuns. These requirements, plus maximum allowed engine weight, established the turbine
inlet tempetature, pressure ratio and airflow. The specifications requir-ed extensive
aititude engine testing to verify performance guarantees throughout the operating
envelope. Minimum engine performance is documented by a computer program which is used
to define aircraft operator's manual performance data and to generate power available
data when considering new engine applications.

A ,Regarding the control systems, the UTTAS
engine specification contained reveral

.t -requirements intended to reduce pilot work-
load and to automatically provide over-
"speed and overtemperature protection. These
features allow the pilot to devote maximum

"4 attention to mission accomplishment and to
minimizing vulnerability. Constant power
turbine speed governing requirementsallowed no more than 3% speed variation
during transients and no more then 1%
during steady state operation. Torque
matching requirements specified a capability
to automatically match the output shaft
torque of all engines in a multi-engine

Sinstallation within 5% of the torque avail-
.4\ Iable from a single engine at MuP. In

addition to primary control speed limiting,
a secondary system was required to auto-
"matically limit power turbine overepeed in

Hughes AH-64 AAH on Simulated N-O-E Mission



the event of total loss of load (output shaft failure, etc.). Direct turbine gas
temperature limiting was also required.

Cold weather operation with earlier generation helicopters revealed the need for more
stringent cold starting requirements. As a result, the UTTAS engine specification
called for starting with -651F (-540C) JP-4 fuel and with 12 centistoke (12 mm2 /s) JP-5
fuel. A cold temperature starting and acceleration test was specified which required
four successive starts at each of these conditions. The starts were to be preceded by
a ten-hour cold soak after the main bearings had reached test temperature. The JP-5
requirement also provides an improved JP-8 cold starting capability relative to older
U.S. Army engines.

The UTTAS engine requirements also included new engine life cliteria. For example,
5,000-hour design life to a power spectrum which specified 15% time at IRP was required.
The specification called for increased endurance testing; two 150-hour qualification
tests, with 50% time at IRP. Hence a thorough evaluation of hot section stress rupture
life could be obtained. Tightened allowable performance degradation requirements were
introduced to reduce performance-loss damage such as turbine airfoil high temperature
erosion and seal wear. The endurance tests also incorporated a requirement to verify
stable operation with a wide range of aircraft rotor systems. Maximum and minimum
allowable power absorber polar moment of inertia and torsional spring constant were to
be specified and the two endurance tests performed with power absorbers having
characteristics at the maximum and minimum limits.

In recognition of the frequent power transients associated with helicopter operation, the
specification contained Low Cycle Fatigue (LCF) design and test requirements. The test
was approximately 400 hours in length and consisted of 3,500 rapid power transients.
Approximately three minutes of steady-state running were required after each transient.

One of the most common causes for early
removal of helicopter engines is performance
loss due to sand erosion or Foreign Object
Damage (FOD). In recognition of this
problem, an integral inlet particle sep-
arator was required. The qualification
requirement consisted of a 50-hour sand
ingestion test, during which 80 lb (36.2 kg)

* xa . of sand were ingested. Hourly transients
were required to check for loss of stall
margin. Maximum allowable power and SFC

W losses at test completion ware specified.

New fuel system durability tests of
increased severity were also required in
the UTTAS engine specification, including

- <a 300-hour test with highly contaminated
fuel. Also required was a 300-hour fuel

It .boost pump cavitation test at maximum

Sikorsky UH-60P Black Hawk in Operation in speed and flow conditions.
a Desert Environment Because of the combat environment envisioned

for the UTTAS, emphasis was placed on
vulnerability and survivability criteria. These included a nonvisible smoke limit and
test, projectile damage design criteria, and loss of oil requirement and test. A suction
fuel system, which dictates below-ambient fuel pressure at the engine inlet, was also
incorporated in the UTTAS engine requirere.its. The absence of pressurized fuel in the
asircraft lines 9yretiy zeduces the potential for serious post-crash or post-ballistic-
impact fire.

The importance of keeping the cngine operationally ready was also acknowledged by
including maintainability, condition monitoring, and fault isolation requirements. These
included guaranteed component replacement times, a maintainability demonstration, bearing
accelerometers, a history recorder, and erosion/foreign object damage indicators.

Lessons Learned and Futuze Program Considerations

This section summarizes lessons learned from development, qualification and fielding of
the T700-GE-700 engine. Regarding performance, the UH-60A has met its objectives and
the T700 has been a major contributor. Particularly noteworthy is the improved part-
power fuel economy. The T700 provides approximately 30% lower specific fuel consumption
than previous generation Army engines of the same power class, a significant feature with
today's emphasis on fuel conservation.

Advanced performance and weight requirements must be carefully selected because they
strongly influence unit cost, producibility, durability, and power growth capability.
Engine weight increases (with compensating IRP increases) were incorporated during the
T700 program in order to control cost and introduce life improvements. The complex
designs required to achieve advanced technology tend to impact engine producibility.
Emphasis must be placed on durability because hardware designed to meet challenging
performance and weight requirements is prone to rapid degradation in the demanding
military operational environment. The following examples illustrate this point. High
work compressor stages typically require airfoils with sharp leading edges, which are
vulnerable to erosion or foreign object peening with resultant performance loss.
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Compressor design should provide adequate stall margin after decrements for production
hardware variations, field deterioration, and installation effects are applied. Close
clearances increase the potential for performance loss due to rubs and for airfoil
fatigue due to rub-induced excitations. Close clearances, plus the super-critical
rotational speeds of small engines, dictate emphasis on accurate rotor balance at
assembly and on design features which retain proper balance in the field. The small
orifices and passages of hot section cooling schemes are vulnerable to plugging by
ingested sand particles, oxidation, or upstream loss or rub coating. Design attention,
as well as technology advances, are needed to reduce the magnitude of these effects in
small, high performance turbine engines.

In addition to performance/weight vs. cost, producibility, and field durability trade-
offs, there is also an important performance/weight vs. power-growth-potential trade-
off which should be considered in establishing requirements. High turbine temperature
associated with advanced performance goals increases the difficulty of subsequent
temperature increases for growth. The integral inlet separator adds to the growth
challenge by inhibiting airflow increase through addition of compressor stages. The
first step of T700 power growth is being met with the Navy T700-GE-401 and Army
T700-GE-701 engines, primarily by increased turbine temperature. Further growth will
require technology advances in such areas as power-turbine-driven booster staging and
high temperature durability of small turbine airfoils.

The T700 control system was successful relative to the goal of relieving pilot workload.
However, the aircraft test program revealed that constant speed governing contributed
to helicopter rotor speed droop following large collective pulls with the rotor
decoupled. The collective pull causes power turbine speed to increase slightly prior
to main rotor reengagement. As a result, fuel flow is reduced by the governor, thus
amplifying the droop tendency following reengagement. Further advances in control
system technology are needed to provide improvements in this area. In the future,
engine testing which simulates autorotation and subsequent reengagement is needed to
evaluate the effects of these conditions early in the development program. The power
turbine overspeed control system successfully prevented excessive overspeed in a
qualification test designed to verify this capability. Subsequent analysis indicated
that at high altitudes peak speed reached following load loss could exceed minimum burst
speed. Design changes being incorporated in the T700-GE-701 will ensure overspeed
protection at extremes of the operating envelope as well as at normally encountered
altitudes.

The durability testing was quite successful in finding and fixing problems before pro- i
duction. The endurance, LCF, and sand erosion tests were all beneficial for this
purpose. However, LCF testing was not initiated until the final year uE tile development
program. Prinr endurance tests were to the 150-hour test cycle, which is mostly at
steady-state conditions. Earlier cyclic testing would have further increased the
number of LCF fixes incorporated into the first production engine. Also, subsequent
experience has shown that the bearing and power takeoff components of advanced small
engines require additional evaluation beyond that provided by engine endurance testing.
Lube system simulator plus instrumented engine testing should be conducted early in
the development program to define the operating envirornment of these components.
Fatigue testing of critical elements should be performed to escablish life.

There are several tradeoffs associated with making the Inlet Particle Separator (IPS)
an integral part of the engine, in addition to the growth constraint mentioned above.
The integral approach has the major advantage of development and qualification of theIPS with the hardware it is designed to protect. However, the integral IPS increases

the engine anti-icing air requirements, with a resultant power penalty in icing con-
ditions. It imposes constraints on aircraft inlet design by regqiring interface with
IPS features and May prevent inlet optimization for multi-engine installations. It
cannot be removed when extended operation from improved airfields is envisioned. Hence
the inherent weight and inlet pressure loss penalties associated with any inlet pro-
tection system are always present with an integral design. The scavenge passage of the
engine-integral approach can be a path for reingestion of debris or exhaust gas into
the compressor inlet. In view of these tradeoffs, the integral IPS question should
be carefully considered for each new program. It is still considered the correct
approach for U.S. Army engines. However emphasis in future programs should be placed
on minimizing the adverse tradeoffs cited above.

The suction fuel system capability has been achieved by the T700/UH-60A system, with
resulting major safety benefits. However, the aircraft development effort revealed
the need for the following special design and test considerations. During aircraft
operation with hot JP-4 fuel at high altitude, air is released in the aircraft fuel
lines, especially at locations where large pressure drops occur. This air can
accumulate in horizontal lines and may be released as a large bubble into the engine
fuel boost pump, resulting in flameout. Suction fuel delivery systems should be
designed to minimize these effects. Shutdown in hot ambient conditions, plus engine
heat soakback into the fuel, can also cause vapor buildup in a suction system, with
resultant starting problems. Fuel system leaks are a source of air entrainment with
a suction system. Leakage checks should place the fuel system under a vacuum to simu-
late actual conditions. Because of the strong installation influence on suction fuel
system performance, the aircraft/engine interface conditions should be defined as
completely as possible. Specifically, the engine program should include a suction fuel
system for the altitude performance testing to provide engine test verification of the
pump's capability under high V/L conditions. The aircraft program should include
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", . verification that fuel temperature and
. • vapor content at the engine inlet are no

- !higher than the engine rcquirements through-
out the operating envelope.

Early data following fielding of the UH-60A
indicate that the T700 maintainability
features will provide a significant improve-
ment in operational readiness. The engine

Z is being maintained as an on-condition
system without a scheduled overhaul inter-
val. Required inspections are limited to
a 10-hour check of condition-monitoring

Two T700-GE-700 Turboshaft Engines of feature& and a 500-hour "on-wing" borescope
1,560 Shaft Horsepower are Installed inspection. Many of the fault indication

in the UH-60A and All-64 ideas evaluated in development proved not to
be feasible for production due to limited

accuracy, questionable reliability and adverse impact on engine cost and weight. The
history recorder on the production engine has counters to record engine hours, power
transients, and time/temperature effect. The modular design of the T700 plus the avail-
ability of these life usage indicators, dictates improved record-keeping in the field
to ensure that life usage data on removed modules, as well as engines, are maintained.
If this difficulty can be overcome, the history recorder will provide a much more
accurate means for monitoring hardware life compared to the traditional approach based
only on engine operating hours.

Conclusion

The T700 engine was developed and qualified to meet several new U.S. Army requirements.
The resultant configuration is already providing far-reaching benefits. Lessons
learned from the program will be applied in the definition of future engine spec-fi-
cations, as part of the continuing process of optimizing requirements for the unique
military helicopter environment.

SECTION 2

ENGINE DEVELOPMENT PROGRAMS

by William 3. Crawfoid, !I!

This section discusses the T700 engine development program generated in response to the
U.S. Army requirements as described in the previous section of this paper. It is pre-
sented from the engine contractor's point of view.

Of all the many influences involved in the success of a development program, there are
three factors of major importance from the engine contractor's viewpoint:

* He must have an established Technology Base from which to draw for program
development and engine design

* He must have a thorough understanding of the customer's needs

* He must have the benefit of "Value Added Management" depth to meet the
challenges requiring innovation and invention.

From the beginning of the UTTAS enqine effort, the procens fCllowed by Army program
managcmant wob directed to reducing the risk of applying state-of-the-art technology.
Advance verification of the performance of small engine components was critical to
the decision to proceed to full-scale development since the higher pressures and temp-
eratures required had not previously been achieved in this size engine. Evolution of
the engine progressed through several years of component development followed shortly
thereafter by a competitive 4-year engine demonstrator program that lead to the full-
scale development program.

General Electric approached the performance
challenges presented by the small engine
design by adapting technologies already7onn---ent developed and proven on its large com-
mercial and military engines. These

, G,2 adaptations were combipcd with ideas
A-1r developed through Army-sponsored small

PI.IO!. L engine research and were subsequently
?-..uIISc.I. component-tested in the initial stages of

the program.

S.Once these component technologies were
Production successfully run in the demustrator

-- !_ tL• isn -h- engine program, GE set out to define
72 M customer needs for its own perspective in

order to determine total engine design
that would be responsive to the user's

operational needs. Consultations were
Engine Evolution held with Army personnel at every level -

and discipline to evolv' the overall engine
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design features, later to be proposed as the T700 design. Additional perspective in
maintainability was obtained by conducting an Army-critiqued "maintenance demonstration"
on the performance-oriented demonstrator engine. This gave the design areas hands-on
experience with actual hardware.

Applying innovative approaches to the user's "lessons learned" problems was the key
to achieving the maintainability, reliability and other "ilities" characteristics
unique to today's operational T700. The inlet separator, self-contained lube and
electrical systems, and spring-clip line clamps are examples of this input/contractor
innovation process.

Development Program

The specificity of the U.S. Army requirements in the various disciplines - i.e., main-
tainability, reliability, vulnerability, etc, - demanded that all the disciplines input
to the engine design process from the beginning. Representation from the separate
specialty areas actively participated in the generation of the design and were respon-
sible to see that their particular requirements and interests wete present in the final
design. Drawing release for manufacture required review and sign-off by all areas.
This was unprecedented, as was the veto power that each had, thus assuring that their
discipline interests were protected. Conflicts were arbitrated by the Design Review
Board with final decisions by Engine Program Management.

Continued involvement of all the disciplines was also reinforced by the reporting and
demonstration requirements set down by the Army. For example, three maintainability
demonstrations were required. The first two were conducted by GE personnel monitored
and measured by the Army. One was scheduled early in the program and the other at the
midpoint. The final demonstration was an evaluation performed by U.S. Army personnel
who were representative of training and skill levels of field organizations. The
engine used was one of the MOT engines following its post-test inspection. The results
verified that overall required objectives were met, and also indicated areas where
improvements could be made. In a similar way, factory engine reliability was tracked
and reported monthly against a goal requirement at MOT. Contract incentive payments
were contingent upon attaining these goals/requirements.

The development test program incorporated all the specialized environmental, overspeed
and overtemperature tests standard to the industry. The Army requirements also specified
other engine tests that were tailored to the helicopter application such as sand
ingestion, power turbine loss of load/overspeed protection and a low cycle fatigue test.
Going beyond the initial program requirements, an additional series of 25-hour engcine/
airci&aL integration tests was included later in the program. These tests subjected
the engine and the aircraft mounting, inlet and exhaust components to abusive vibration
stresses concurrent with operation to the MOT cycle. The development program required
that a total engine factory test of at least 2,500 hours be attained by the Preliminary
Flight Rating Test, and a minimum of 7,500 hours at MOT. The latter was exceeded by
approximately 1,500 hours. The development test program was culminated with a double
MOT, qualifying the engine with two different fuels and oils, as well as providing two
samples for durability evaluation.
Maturity Program

Overall UTTAS Program timing planned by the Army provided for Competitive Test (GCT)
of the two different aircraft each of which powered by the same configuration T700. The
test was begun at about the same time that engine MOT was completed. Under prior pro-
gram standards, engine qualification would be considered complete at this time and
the engine would have been committed to production. At thig npint, a post MQT program
was initiated with the goal of accumulating additional endurance experience and sub-
jecting the engine to more LCF testing.

The overriding purpose of this Maturity Program was to provide a mature, reliable engine
prior to full rate production. To accomplish this, the following objectives were
established:

* Develop high initial Mean Time Between Failure-Require Overhaul (MTBFRO)
* Establish sound field maintenance procedures and intervals

* Identify unique installation-related failure modes

* Establish programs for smooth transition to production manufacture

The approach selected was to conduct accelerated, severe, abusive tests so that the
required production target dates were assured.

A secondary benefit of the Maturity Program was that it provided a highly valuable period
to resolve residual problems uncovered in the field and factory programs and any that
might evolve from the aircraft GCT. In addition, a smooth transition to Production
through Producibility and Manufacturing Technology programs was made possible, as well
as the implementation of cost reduction programs prior to production.
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The Maturity Program was divided into two
major parts for maximum effectiveness.

* Factory

- Two 1,000-hour accelerated
, , i•~-I----.,, - ,t .•endurance tests

"' I .. ..- i - 1,500-hour mission test
I ... . . . . ..- - cycle

I ~ ... 230 - Low Cycle Fatigue test
0,o I \ . '55 (3,500 cycles)

"*9• 0 '4 L i...,u*. •..., gg - Service Revealed Difficulty/
Fix qualification program

- T | *.'*2,,0 
- Qualification of Production

T Parts List
L1 . . . t ,_ Field

- Support accelerated aircraft
test program

- Update prototype engines to
latest configuration

Maturity Factory Program - Repair/overhaul as necessary

- Perform high time analytical
inspections

Immediately following the completion of the Qualification Program and the maintain-
ability demonstration, the two MQT engines were reassembled and began running to
accumulate the 1,000 hours on each. Any "failures" during this period of intensive
endurance testing were considered as successes since they identified weaknesses in the
system that could be resolved, endurance tested, and qualified for initial production.
Approximately one year after initiation of these 1,000-hour endurance tests an Acceler-
ated Simulated Mission Endurance Test (ASMET) was initiated.

At this point it might be best to highlight
the 1,500-hour ASMET mission cycle test

C,7,.......h~.5 ... vehicle. As indicated in the illustration
',lftf,*C*..odf.... the engine was supported by the actual

Saircraft mount system and also had the
__ . _ | ____airframe inlet ySL•m, e-xhaust system and

4- control/sensing and fuel connections
rICO applied to simulate the aircraft insta).la-
""' tion. The entire test vehicle was

installed on a vibration test stand and

A.. simultaneously subjected to the full range
@.-' Fj7o.,4,sw,,C of frequencies characteristic of the heli-

"Bosk. copter installation and an engine operating

cycle of increased severity containingSimulates Engine/Aircraft Installation significantly more transient operation than
Operating Conditions the previously conducted endurance tests.

Concurrent with these factory tests, flight
test engines were generating service

1,500-Hour Mission Cycle Test problems (SRDs). Subsequent design
improvements made against t-hc-c ORDs were
incorporated into the ASMET engine to make

it as close as possible to the production configuration.

All field operations support during the Maturity Program was provided by the Integrated
Logistics Support Management Team. This effort included deployment, at a number of
operating sites, of necessary spare parts, special ground support equipment, and
technically qualified field representatives. Engines used during this phase of the
field program were Flight Rated engines updated to MQT configuration plus some maturity
design improvements. The update of these engines and subsequent initial repair engines
were processed at the General Electric Depot Service Facility.

Coordination of field maintenance tasks for installed engines was conducted with the
airframer. Technical Manuals and Repair Parts and Special Tools Listing were reissued
reflecting updates to the mature engine configuration immediately after MQT. All
field maintenance, troubleshooting and repair was conducted against these documents to
"test" them for accuracy and adequacy in the hands of the user. Depot manuals reflected
the same updates, again as a base for improvements determined from experience.

Maturity Program Results

A number of field problems were exposed during the severe competitive evaluation of
the air vehicles. The most important of these corrected were redesign of the Number 3
Bearing and the Power Takeoff Assembly. Other improvements included the HydromechanicalUnit (fuel controli and a new high pressure fuel pump, lower sensitivity chip detector,
new power turbine shaft seals, and an improved airseal to reduce Electrical Control Unit
operating temperatures. All of these changes were developed and qualified for first



pLuuuct•Ofl engine introduction, thereby
eliminating all known in-flight shutdown
and mission abort causes experienced in
GCT.

DaAS•aS . I0 Major NMU kpro-n....
eCN, Dangle i9Lfn -is 41 tac Pangr • First hand observation of field operations

also had indicated areas where maintenance
procedures and some design features could

Pr S be modified - or in some cases be elim-
inated - to decrease field maintenance

ml-t, actions by as much as 85%. It is inter-

*,, ledwuedTht mVNAd.cdI CU esting to note at this point that the top
opci•.ht.,, three problems on the Army's list were the

frequency of adding oil, oil sampling and
Production Initiated with all OCT In-flight oil filter changes. All items the

Shutdown and Flight Abort Causes Eliminated engineer had little concern about
previously!

The accelerated factory tests did identify
new failure modes as indicated by the

Durability and Reliability chart. Most of these were fixed for first
Improvements from GCT engine production. Without the maturity

experience these problems would have
remained hidden for one to three years or
more bast I on average military use. The

Rate per 1,000 Hours result would have been expensive programs
of a fail-analyze-fix nature followed by
retrofit.

R*cord*d Current
UN-60A Field

Deecsrption OCT Status Maturity program testing also led to a
OII Samples(SOAP) 1a .9 O number of design changes for performance
OffAdditions 52.55 16 improvements. Following changes to the
OilFilterReplacement 8.75 0.13 compressor and combustor, throttle stall
False Chip Lights 1.25 013 margin and deceleration stall margin were
LRUMMalunctions 11.25 1.90 improved by more than 30%, greatly enhancing

Total 55.e3 is-is operational suitability. The power turbine
was improved to increase its efficiency
as well as for better maintainability and

88% Reduction In Maintenance Actions reduced cost.

Logistics support benefits derived from the
results of the Maturity Program were many.

Reduced Maintenance Actions Materiel support requirements for the fully
operational system were established for
spare parts and spare engines, and ground
support equipment was designed and quali-

-..- .tfied. Support facilities were set up and
* ,000_- L_,__ -1- qualified as required, such as the depot/

aa-5.9.,_ overhaul shop and central warehousing.
-... lS-. 1 Field procedures and depot repair pro-

-PO .. : cedures were developed and verified.

* lowllws-EngklO013 Documentation was updated to reflect actual
-ii -- - field operation and issued before first

. I-PE.C.01-4 fielding the production aircraft. In

o 1800 - AS. MO oe effect, an experienced organization and
., system were in place to support-•he._ .TUt-60A
-' b'• '"trom the very beginning.

Lessons Learned and Future Considerations
Costly Field RetrofitPrograms Avoided As noted in Section 1, the test program

generated for the T700 Development Effort
did have some of the special tests necessary

New Failure Modes Identified and Fixed to expose short term LCF, thermal cycle
problems, and stress rupture. However,
not only was this testing conducted too late

to be of much benefit to the development effort, but there was not enough of it to pro-
vide a realistic picture for verifying the required design life.

The Maturity Program was necessary to exploit this kind of test and serves as an excel-
lent benchmark from which to create future development programs. Endurance testing
through MQT cycle tests finds durability problems, but they take a long time to surface
and many are stress-rupture oriented. The ASMET was a sound compliment to the Develop-
ment Program. It provided valuable exposure of the engine/airframe interface hardwareand did uncover a number of problems, but fewer than anticipated. The test cycle used

in this ASMET was tailored to the Black Hawk mission giving about 3:1 severity compared {
to field operation.

Based on the experience gained in the eight years of test, a new accelerated test cycle
has been designed which provides a better balance of LCF and maximum temperature 5
operation. The Accelerated Mission Test (AMT) has shown tremendous payoffs. It is
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compared with the 6-hour MQT Cycle and LCF
and ASMET Cycles in the chart. Older test
efforts spent too much time on tests which
were not representative of user operation.
A significant part of current GE test pro-

*flvolps.1etP.gwmnMuetHaveaFullTestProgram grams for all engines continues to be the
- " L-, C, J0 FMs Ta.0 IMT.

- 0BftwAiAuWTO Future test program planning should begin
I I N, , To testing earlier. Strong considerations

should be given to including the AMT as

- d-,-Like,,"z,.yP.ogram" part of the Development Qualification
To Fl.wsa-L PProgram.

-- Toab~u lafUf .•s~ew

- ta.• aa arL, asPnL conclusion

One of the best measures of the success of
a program is the level of Engineering

Smoother, Cost Saving Transition to Production Change Proposal (ECP) activity in the first
few years of service. The T700 has now been
in production for three years and has
accumulated more than 65,000 operating hours.
The engine stands out for the low ECP

Lessons Learned activity. Only 12 ECPs have been approved in
the three years. And, only one of them
is a new "failure mode" identified and fixed.

One was for Manufacturing Producibility. The other 10 were residual from the late
stages of the maturity effort - 3 uncovered by ASMET and 7 from the competitive flight
test program. The first production model of the T58 engine (same approximate size and
horsepower) of twenty years ago had 66 ECPs for the corresponding period.

The excellent detail program plans defined by the Army for the UTTAS engine made
winning the competition for development a tough challenge. Once embarked on the program,
however, valuable experience was gained that resulted in successful development of an
operationally ready engine for the user.

Key elements of this success were:

* Full development under what should be called a normal specification
"* Extensive flight testing - with the real engine and installation - proviced

identification of most of the ficld problesas.
"* Time to develop fix-plans and a comprehensive manufacturing plan.

DISCUSSION

WHeilmann, Ge
Could you describe some of your reasons for low cycle fatigue testing including high speed and considuration of
powder metallurgy discs?

Author's Reply
High speed tests uncovered a problem area that was not art;cipaled in Ihe design analysis, clearly justifying its value.
In addition, of the failure test made with the powder metiaurgy discs, no failtures were encountered involving dfects.

F•
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SUMMARY

Engine design features and the technology needed to produce them arise from the operational requirements
of the user services. The paper discusses the design considerations and technology needed to meet
possible future operational requirements and describes the relevant technological work being carried
out or suppor-ted ty the 1lK Ministry of Defence (Procurement Executive). Also considered are the
trade-offs which become necessary in seeking a suitable solution to conflicting needs. Finally the
sizes of engines required to meet likely aircraft applications are examined,

1. INTRODUCTION

The introduction of the gas turbine caused a revolution it. helicopter range/payload capability due to
the drar-.tic improvement in engine lower to weight ratio, which increased by a factor of about 3:1.
Since that time helicopters and their component parts have steadily improved, and should continue
to do so for the foreseeable future. As the general capability of helicopters has increased so too
have tie expectations of the users. One of the aims of the Ministry of Defence (MOD(IR)) is to ensure
that the technology necessary to fulfil the expectations of the UK Services is availahle when required.
Thin i's essential if gestation periods for new engines are to be cosiuetible with those for helicoptero.
To achieve this aim MOD(PE) and Industry work in collaboration on s broad spectrum of research and
technolo6 programmes. In the gas turbine field several such prograsnes have been, or are, underway
and some have been direetee at helicopter engines in particulur. Inevitably some helicopttr
requirements cause conflicts in engine design and tiade--offs must be made. It is intended to
indicate typical requiremenits for both military and civil helicopters and to show the types of trade-
off which may be made to produce a successful, gen-!ial purpose gar tvrbine. important influences on
these trade-offs are the rating structure of the engine and the certificution tests requi-red to clear
these ratings. Care must be taken that designing to meet the operrotional requirement and designing
to =,et the certification ruler: do not lcad to diffrrent answc.s.m

2. PPEVIOUS PREDICTIONS

It ij in-structive to go back to records of previous AGA3D conferences on helicopter propulsion, held
in 196C, and 1971, and look at predictions of t'i improved technology cf engines that would be in
production it. 1980 (Ref I). Laced on cycle and component analyses, it was forecast that, at the
design point, a L1:ecific Fuel Consumptior. (SFC) of 851g/J (0.5 lb/SHF hour) an overall pressure ratio
of about 31 and turbine inlet temperaturts of 1300-1550G were to be expected. This compared with
values then curre',. of about 100usu,g (0.6 lbifSI' hour), 12, end 1200-1450K. We can record with
satisfaction that tl.ese predctions have in tho event proved co.-rect. :-igure 1 illustrates thel
variation, at the design point, of specific power and specific fuel consumption with cycle pressure ratio
and temporature. The precise shape of these curves d,;pends; upon the a.;sumed cycle and component
efficier7ies. The choice of these is in turn, governed by the nced to maintain those good handLing
qualities without which any engine, however efficient at its dt:sign point, would be lttle more than
is .oss.

A d,' elurnent niot pr.dicted it, the AGARD palorr of l0 years ago was the advent of torqueaoters of a
tinDe suitable for enigine condition ni-otoring ard ceterioration choe-king. Also unforeseen was the
f,ill potential of micro-proecssors, then in their infancy. The implications of these devices er-
deult with later in th:is 'qoer. It could be argued that thcs- further developments, which were not
discussed ten yours arc, have teen Us signifier.nt as those which were given great emphasis. We snall
be intere sed to see wieth-..r any predictions irate at, this conference nmiairgc to strike the right
balance. In tea year's tine, vith the benefit of hindsight, ve shll know.

5. GhNhLI&d, -,E'SlIGN CONSIDI'hChATIONS

3.1. Range and hIndurar, cr. The primary r-quirement for any aircraft is that it can carry its
load3 over a ;,rcscr:'cd distan•e•* o:r for a given period of time.

To provide a gViven hclicopt•r with a gooc operating ra4,ge and endurance the engine.s must huvc a
low fuel consumpition, ].erticst-ly at cruise conditions. wuo pi•ineipal factors decide the level
of fueýl consumption. Fir.fly th.crc i:: the efficiucy of the en.ginc itself, as dotejisined by its
cycle arid complonent ,.ffrc 4 nci.;.:> econdly there is the matching of the engine to the aircraft,
partliolarly the sizing of th," enginc.

The design. ard technloo•y rcqui ']cents fo:- high cycle efficiencies, in termsý of com]ponent
performance, uri hig-, r rrc:•u- and temprQature rrrtios arc well. enough known. Tuchrno'ogy
Prograssnc are now in land in both tn,-so Ereas a,.d para 5 describes some of Lte work being
carried out. to develop cooled tLa.bines suit,.ble for smail engines. Whilst these developments in
small military engines are very is:,portU1t, s tenition must be paid to their effect on initial arid
life-cyrle costs, aim to .:nsurinmg tl,t g.ains in design point cycle efficiency arm not miade at the
eypenso of engine bandling qunlitics, at off-desi conditions.
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The question of engine sizinlg is one of considerable complexity and some controversy. Two
schools of tUought seem to exist, and for aoy given appfi,.ePtion the right compromise must be struck.
If low specific fuel consumption is an over-riding requirement then it is necessary to operate at
the lowest practical point on the SEC curve, ie at as high a proportion of maximum power as
possible. This means using a small engine running at comparatively high power levels. Obviously
there is a penalty to be paid in engine life, when this is compared with the use of larger, less
highly rated engines as proposed by the second school of thought. Such larger engines would be
able to cope with engine failures on multi-engine helicopters without the need for contingency
ratings, but would carry penalties in terms of weight and SFC, andpossibly aircraft range. The
relationship between optimum engine sizing, the rating structure and qualification requirements
is discussed further in para 6.2.

3.2 A•ility and Fnigine llandling. Aircraft agility and problem-free engine handling are necessary
for all helicopters, but especially for those oi the battlefield or landing on moving ships.
From the engine aspect, agility principally requires suafficient installed power to allow rapid
aircraft climb and acceleration, a question again of eng;ine sizing. Also important is a rapid
response of the engine to a demand for power. Engine response is of particular concern in cases of
engine failure on a multi-engined helicopter, when the remaining engine(s) must reach Contingency
or ýaximum power before rotor speed has fallen dangerously. Although there is no reason to
suppose that the response times of tne most recent engines are too slow for present day needs, the
introduction of light weight helicopter rotors, which would have less stored energy, may bring
about a requirement for faster engine response times. The prime technical requirement for good
engine handling and response tiisr is an adequate compressor surge margin. Engine response would
also benefit from improvements in the mechanical design of engine rotating components, giving
reduced moments of inertia and a greAter angular acceleration for a given level of over-fuelling.

An agile helicopter must not only accelterate r'apidly tut also decelerate rapidly vithout gaining
height; low flight-idle power levels may therefore be desirable. It must also be ensured at the
design stage that the oil system will function for adequate periods of operation at low or
negative "g".

3.3 Availability. Two major factors affect this property. They are maintainability and
reliability.

3.3.1 Maintainability. Ease of maintenance is importan-tt both in the battlefield and on
board ship. Further moves towards "on-conditi )n" maintenance ars envisaged, using a range of
engine health monitoring techniques. For first and second line maintenance however, the
main requirement is to be able to remove and replace engines and modules in minimum time,
using only the smallest and most basic tool kit. it is doubtful whether new technology is
nerded to -h.!vc th-z goa!q; however, it is vitally ehieve *.;o t tw 6ina ca'ef'- .- ,-t--- -

them at a sufficiently early stage in the design of the engive. Maintainability must be
designed in, and cannot be added later as a "bolt-on-extra".

Further moves towards on-condition maintenance, as oppoEed to the use of fixed life
compor.ents,will depend on improved techniques of engine condition, monitoring, particularly
in the fields of low cycle fatigue, thermal fatigue and creep usage monitoring, and non-
destr•ctive testing. Improvements in the bore-scoping of gas generator turbines are also
highly desirable, difficult though this ir in engines with reverse flow combustors.

Whiilst modular construction is now the accepted practice for nero engines, it is desirable
that engines rebutilt from modules of differing lives should not require running on a test bed
prior to installation, an( for multi-engined installations it is desirable to be able to torque
mstch the engines without the need for a flight test.

3.3.2 Reliability. Reliability may either he "onsider, d ip terms of t helicopter or f th
engine alone. The reliability of the helicopter is determined pa:-tly ly fundamental choices
such a.s the number of engines. A multi-engined helicopter will hive a better chance of
completing or at least returning safely from a mission than a single-engined one. The number
of defects pa-- operating hour will however be higher, assuming the reliability of each
engine installation to be the same.

The reliability of an individual engine depends on many factors: not only the most obvious
ones of quality of design and manufacture, buL also the rating of the engine and the lifing
and maintenance policies adopted. The basic quality of design and manufacture, fitness for
purpose, is validated by the programme o: qualification testing, all of which may be
c.nsideied as part of the reliability activity which is now accorded special attention in
development programmes. The rating of the engine, resulting from the trade-off established
between life and power and the mission profile, will determine the potential life between
reconditioning or replaceeent of the engine and its modules. As parts approach th.- end of
their putentiae lives, the probability of failure increases. 'The lifing and maintenance
policy will detei7,-sne how far engines are allowed to venture into thii region before being
rejected as time-expired.

Relliability is therefore not uL characteristic wh;clh can be developed indl}endently of other
engine psraaet'3-r- it is oli. of the many interacting variables which iLflue-nce the design-
of the engine and it:; cost oP ownership.

3.4 Life Cycle C:osts:. The Services requir-e helicopltrs which not only su-et their teconical re-quire-
ments, but do so at minimum cost. in the past, e•ahasis has been plan,:.d on developucnt and
initia production costs with estimates being bases on data from prcvinos p••jects. More rec.:.tly,

SI I-
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attention has been given to Life-Cycle Costs (LCC), which also take account of the operation and
tiupport costs.

The extent to which the aim of low life-cycle cost may be achieved depends on the priorities
given to the other requirements, on how intensively the aircraft are used, and on the total
number of engines produced, for both military and civil customers. A simple engine may be cheal.
to buy, and so may its spare parts. However, a more sophisticated fuel-efficient engine used
intensively might save the difference between acquisition costs, through savings in fuel. The
engine rating also affects life-cycle costs; the benefits to cruise SFC, and hence operating
costs, of a highly rated engine may be offset by higher support costs.

During the early stages of a helicopter project, many c'mplex and interacting variables, all of
which influence life-cycle costs, have to be analysed. The life-cycle costs for the various
helicopter designs considered during these early stages can in principle be estimated using
mathematical models. Although there are many such models, thera is considerable difficulty in
obtaining reliable cost data of sufficient accuracy to demonstrate the sensitivity of LCC to
changes in engine design. It follows that small changes in psedicted costs need to be treated
with caution.

Although life-cycle cost estimates are carried out separately for the engine, they must not be
considered in isolation. The aim of the operator should be to reduce the life-cycle costs of
his helicopter fleet. This may not always be achieved by using the engine with lowest life-
cycle cost. The use of an advanced engine with higher life-cycle costs but with lower weight and
fuel consumption might so influence the design of the aircraft that it permits a substantial
reduction in the life-cycle cost of the complete system.

The following might be a list of life-cycle cost priorities for future engine design:

a. Identify the most sensitive engine-related cost factors, for example SFC or power/
weight ratio, and design the engine installation including intake, transmission and exhaust
to minimise helicopter LCC, whilst using an engine that will be close to the technological
state-of-the-art at introduction into service. (Ref 2).

b. Design for minimum total component manufacturing costs, thus also reducing spares costs
(Ref 3).

c. Design to allow repair/replPcement of defective parts as close to the front-line as
possible (Ref 4). Modularity i:. an example of this concept, but care must be taken to
ensure that hardware benefits are not cancelled by increases in paper-work and data
recording.

d. Develop a logistics model, based upon component failure information/predictions, that
will allow an optimum servicing policy and organisation to be developed. This would take
advantage of Item c above and also make the best use of the equipment that had evolved and
actually existed.

e. Use "on-condition" monitoring techniques, planned in such a way as to minimise shop
visits and LCC. The model of Item d should be updated regularly to reflect current service
experience. This model should use only the most significant lifed components for data.

3.5 Flexible Use of Ratings. At present UK engines are certified with the power levels above
Maximum Continuous available for only a limited time per flight, a flight being defined as from
taKe-off to touch down. To give the maximum flexibility of operation it would be desirable to
dispense with these somewhat artificial time limits. They arc imposed, not because any immediate
dreadful consequences are certain to occur if they are ever exceeded, but so that the engine is
unlikely to fail from hot end distress in its authorised time between overhauls. The use of on-
board engine usage monitoring systems would enable greater flexibility to be granted with safety.
Some means of discipline in engine usage would still be necessary to unsure that an adequate
life was achieved in practice, but the rigid manner in which the limitations are currently
expressed in the UK could be relaxed. The relationship between rating structure and
qualification requirements is discussed further in p~ra 6.2.

3.6 Extended Fuel Capability. The current range of gas turbines is able to operate satisfactorily
for extended periods on all currently available gas turbine fuels ranging from high flash point
(F-h4, AVCAT, JP-5) to wide cut (F-h0, AVTAG, JP-h). Many can also run for limited periods on
diesel and/or gasoline fuels. Future engines will also need to accept gas turbine fuels which, as
a result of worldwide difficulties in supply and local variations in fuel properties, may not
meet current quality standards. Inevitably the ability to run on a wide range of fuels might
necessitate some compromise in design which would not be necescary if the engine were required to
run on high quality turbine fuel only.

Crude oils vary both in the nature and proportion of their constituents. As the availability of
crude oils changes both the physical and chemi,.al properties of future fuels will change.
Figure 2 shows distillation curves for typical fuels currently available (Ref 5). The extent
of the distillation (temperature) range o'- any fuel is representative of the availability of that
fuel from the parent crude oil. It can be seen from Figure 2 that fuels such as AVTAG, ?4GAS
and DIESO have a wider distillal'ion range than AVTURi or AVCAT. A hypothetical future wide cut
fuel is also indicated. Some properties which may change are given below:

Freezing point: raising of the freezing point could lead to fuel flow problems in cold
conditions both in flight and on the ground, possibly necessitating tank heaters.
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Specific energy: reductions in specific energy could negate improvements in engine SFC e.g. a
general reduction from 43 to 42 MJ/kg which is only within the range of current fuel specs,
would lead to a corresponding increase in SFC, of 2.4%.

Aromatics: increases in aromatic content would affect the performance of elastomeric seals,
and would also lead to increases in the amount of heat radiated to combustion chamber walls
due to increased flame luminosity.

Viscosity: higher viscosities could lead to poorer atomization and vaporization and thus to
starting difficulties, and "streaky" combustion.

Other obvious important properties which could change for the worse are vapour pressure,
thermal stability and lubricity.

4. ENVIRONMENTAL HAZARDS

It has been said that a helicopter engine has to cope with two environments; the one that was there
before it arrived, and the one that it brings with it. An examination of typical helicopter
environmental factors tends to produce a list similar to that in Table 1. The three Services,
Ar-y, Air Force and Navy generally require the same features but with a different balance of priorities.
The operating environments tend to fall into two broad categories. The first is the maritime
environment in which Naval and some Air Force aircraft operate, and the second is the overland!
battlefield environment in which Army and Air Force aircraft principally operate. it may al:;o be
argued that although some of these hazards exist for civil helicopters the severity may not be so
great.

4.1 Intake Protection. The dirty atmosphere produced by main rotor downwash during hover
near the ground, and the sensitivity of small gas turbines to impact and abrasion by ingested
foreign matter, make the provision of engine intake protection highly desirable. Stoneguards and
sand filters are available for the current generation of engines as optional 'role' equipment.
Future engines will require a better dust particle separation efficiency in order to avoid the
blockage of cooling holes in film-cooled turbines, as well as further to reduce impact and
abrasion damage in compressors. A technology programme, supported by MOD(PE), has examined a number
of different configurations of separator.

An intake separator should of course also provide protection against impact from birds, ice shed
from the airframe, and hailstones. Provided that ingested objects are reliably directed away
from the turbo machinery, the blading may be better optimised for performance. Further
advantages that may accrue from a correctly designed separator are an improvement in intake
distortion due to better conditioning of the intake air and, in the case of Naval aircraft, less
internal corrosion caused by salt water.

4.2 Icing and Salt Corrosion. Resistance to icing and salt corrosion are particularly important
for maritime helicopters. A number of helicopters operated by the UK Services now have limited
clearance for operation in icing conditions. The latest UK helicopter engine, the Rolls-Royce Gem,
is fully cleared for operation in icing conditions; anti-icing air is used to heat the intake,
anrd ice ingestion tests ha.ve been carried out satisfactorily. Extension of the clearance to
fly in icing conditions is therefore dependent on advances in airframe and rotor rather than
engine technology.

Corrosion as a res;ult of salt water ingestion is a familiar problem in engines operating over
or near the sea. Corrosion is best avoided by a suitable choice of materials and protective
treatments when the engine is first designed. A strong incentive to do this is the knowledge that
the engine will be submitted to a stringent qualification test. At present the US salt corrosion
test is considerably more severe than the UK test. A Rolls-Royce Gem engine, incorporating a
number of modifications has recently completed a test to the US schedule with very encouraging
results. Consideration is now being given to adopting the US requirement for UK qualification
of engines to be used in marine environments.

4.3 Noise. A low noise output is helpful not only to commercial operators but also to enable a
battlefield helicopter to avoid detection. Although the major and most characteristic element
of helicopter noise is produced by the rotor, a reduction in engine noise is nonetheless desirable.
Intake separators and exhaust Ili suppressors will in themselves give some degree of alleviation.
The design of the engine installation is also an important factor. Any further measures, such
as acoustic treatments, need to be carefully evaluated as they could carry a considerable weight
penalty.

4.4 Battle Damage Survivability. There is little that the engine designer can do to reduce the
vulnerability to battle damage of the internal parts of the engine, apart from taking such
measures as strengthening the outer casings. Careful attention should however be given to the
routing of pipes, cables and controls to make them less vulnerable. External mechanisms, such
as variable comp-essor geometry arc also weak points. If possible the design of the engine
installation should be such as to make it unlikely that more than one engine will be struck by a
single projectile. Local armour protection is possible, but d , account should also be taken
of weight.

4.5 Suppression of Infra-Red Radiation. An important requirement for battlefield helicopters is
protection from heat seeking missiles. Heat is emitted both from the hot parts of the engine
and from the exbahust gases. Methods must be found to minimise buth, without unduly compromising
other requirements. Fundamentally, the quantity of heat rejected, in the exhaust, at a given
engine power can be reduced by the use of more efficient engines. A further reduction in



radiation from the exhaust can be achieved by lowering its temperature, for example by diluting it
with cold air in an exhaust suppressor. Possibly, air from the intake separator could be used

for this purpose. Heat emission from but metal parts may be reduced by conventional shielding,
and by an exhaust configuration which avoids a direct or indirect external view of the final
turbine stage.

The means of infra-red suppression which are adopted need to be considered in the context of the
engine installation as a whole il unnecessary performance and weight penalties are to be avoided.
It is therefore vital that the need for such divices is considered at an early stage of
aircraft design.

5. TP.CIiridLOGi PR0OGIH•A1'ES

To maintain the rate of technical advance needed to achieve more exacting requirements, a comprehensive
programme of basic research is vital. It is not always practical, however, to apply research
results directly during the design and development of a new engine. The technology demonstration
prograsnee is a stepping stone between basic research and full development. It provides an engine
environment, more representative than rig tests, for establishing new technologic'l features and
thus reduces development programme risks. Further, abroad spectrum programme will enable engine
design options to be kept open until a specific application is fully defined.

5.1 High Temperature Small Turbine Unit. Helicopter engines manufactured in the UK have until
now had oncooled turbines, arid consequently have operated at lower turbine entry temperatures
than are usual for other military engines. The High Temperature all Turbine Unit (HTSTU) consists
of a Bolls-Royce Gem IIp module modified to accept a special comb-. tor and cooled turbine,
together with ,a air feed system, for evaluation of various designs of cooled turbine.

The introduction of cooling to small turbines poses several difficulties. The small, low

aspect ratio blades present problems in achieving sufficiently close seal clearances to maintain
elficienoy. The provision of cooling passages creates manufacturing problems, which must be
resolved whilst still seeking to minimise production and life cycle costs. The need for thicker
blades, to accept cooling passages, results in fewer blades both for aerodynamic reasons and
in order not to exceed acceptable levels of disc stress. This must be achieved with minimim
loss of aerodynamic efficiency. iit such blades thermal fatigue rather than creep is likely to
be the failure mode.

Dy mid-1980, the original objetives of the programmne had been achieved. At the target turbine
entry temperature satisfactory blade metal temperatures had been achieved at progressively
increasing turbine efficienicies. Further objectives for the HTSTU were set in April 1979, which
included further increases in efficiency and life of the overall system, and the ewPn,,nhien of
representative engine i-omponents. Greater efficiency is being sought from fuithIr incrUases
in blade metal temperatures, improved scaling, acquisition of data on blade tip clearances
and a reduction in parasitic losses. Features developed in the HTSTU are to be endurance
tested in a core engine for life evaluation. This will be a cyclic test, with representative
acceleration and deceleration rates. Most of this programme is due for completion by mid-1981,
but the endurance testing will continue until 1982.

5.2 Digital Electronic Control Systems

In 1979 a contract was placed by MOD(I1h') with Polls-Royce Ltd, to develop a demonstrator digital
control system for helicopter engines, using the Rolls-Royce Gem as the demonstration vehicle.
The suppliers of the equipment are Dowly-Smiths Industrial Controls (D$1C), a joint company in
which Vowry and Smiths Industries are partners. I'lie control system, which is micro-processor

based, is expected to give significant savings in cost of ownership when compared with
hydromechanical or analogue electronic systems. There should also be much less routine
s•.ainteiaet,( Calibration. laprovee torque matching will reduce the pilot's workload arid
greater flexibility of control laws will be possible. It is vital for thre integrity of such
systems that they be hardened against electromagnetic interference (particularly where powerful
radar may be in use) and against nuclear electromagnetic pulse effects.

A "breadboard" version of the system, operating on a bench engine, has already given excellent
results. Torque management, reversionary control, and operation of the self-monitoring system
have been demonstrated. A prototype engine system is due to be bench tested in mid-1981.
Testing in a tethered aircraft should take place at the end of the same year.

5.3 Life and Mithods Programme. The life and methods programme at Rolls-Royce Ltd has berm
partly supported by NOD('iE) and the UK Department of Industry (DOI). It is aimed a% ir;roving
the methods of design, stressing, and establishing safe lives of critical engine par,', whilst
reducing the need for the expensive cyclic testing used at present on components of new
engines. The programme covers gas turbine engines in general, and not just helicopter ergines.
The aims of the programme come under three headings:

a, Dcsign of discs for improved low cycle fatigue life. Objectives include:

Wi) refinement of finite element analysis methods, including the effect of creep
mnd plasticity

(ii) fracture mechanics and cruck propagation analysis to support "one-condition
lifing" (sometimes referred to as "retirement for cause")

rI
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(iii) improved disc temperature estimation, and evaluation of disc material properties
throughout their temperature ranges.

b. Turbine blade stressing. Objectives on turbine blade design include;

Mi) methods of three dimensional temperature estimation combined with aerodynamic
and cooling performance, which will be related to blade lifing and stressing programmes,

(ii) blade materials evaluation,

(iii) obtaining a measure of failure criteria from analysis of cervice flight plans.

e. Engine structural dynamics including analysis of blaued disc models for vibration
analysis of fan anu compressor stages.

5.4 Cost Effective New Technology. The cost effective new technology (CENT) programme which has
also been supported by MOD(PE) and DOI is being carried out by Rolls-Boyce. The programme is
aimed at improved design and the use of new manufacturing techniques in order to reduce cost,
weight and fuel consumption. Many of the individual items in the programme arc intended to
fulfil more than one of these aims. Important items in reducing cost and weight include work on
cast rotating parts such as discs and centrifugal impellers, improved gearing, and cast diffusers.
Weight reduction items include improved oil cooling, gas bearings, gearing in composite materials,
and work on ceramic components. SEFC reduction is being sought through work on high temperature
components and gas bearings.

6. ESTABLISHING TRADE-OFFS

6.1 Performance Trade-Offs. A helicopter designer is mainly interested in four performance
criteria from an engine:

a. Low cruise (part-load) SFC

b. Maximum available power

e. Good handling

d. Low installation weight

A MRJ- orproblem t!;ith gasz turlbines has alwajs ee that of achieving a low cruise SF0, whilst
at the same time having a satisfactory Contingency power level. This is illustrated in Figure
3. Figure 4 shows operating times at each power level for a typical helicopter. This
information was obtained using an Engine Usage and Life Monitoring System (EUMS Mk 2), an MOD
supported programme. It may be clearly seen that helicopter engines spend most of their operating
time in two distinct and separate power bands: cruise and take-off/landing; the Contingency, or
One Engine Inoperative (OKI), power levels are rarely used. This being so, improvements in cruise
SFC coul.d be obtained either if the power available from a smaller, lighter engine could be

increased even for a short period of time (to level C on Fig 3), or if the take-off power
required from the engine could be reduced (to level A), still leaving power in hand for OEJ
operation. The former approach, because it uses a smaller engine for a given power level than

would be permitted using conventional rating structures, would require an Emergency power above the
current Maximum Contingency level (see para 6.2). For a given twin engined helicopter a rvduction
in cruise SFC of 15 tig/J (.1 lb/S}HPhr) over a 3 hour mission at an average of 350 kW
(500 SEP) per engiae is the equivalent of a reduction in weight of 130 kg (300 lb) in engine
installation weight. Sph n rdein•ton m--ht b+ achiev+d through tim u-n ui a flexible rating
system. Thie second approach would require the use of multiple engines.

Figure 5 slhows typical powew levels required for 1, 2 and 3 engined versions of a helicopter.
In the single engine case if engine power iu lost the helicopter will have to auto-rotate and land.

In the 2 and 3 engine cases it is ecpected that safe flight can continue on the remaining
engines. To achieve the power range required for the helicopter, a two engine solution
requires a much greater power range from each engine than a single engine solution. More
importantly, it can be seen that a three engine hel-copter requires a considerably smaller power
range than does a two engine helicopter.

There are cf course otner aspects of 3 engine installations to be considered, such as flight
safety, the intake design of Q middle engine, and the engine/transmission configuration.

6.2 Power Versus Life. In very general terms engine life consumption can be measured in 3 ways.

These are stress cycles, time/temperature history, and hours. The first is a measure of low
cycle fatigue damage, the second is a measure of such damage as creep ard thermal fatigue, and the
third is a measure of "wcer-out" damage. High temperature material limitations and design
practice have been such that turbine blade failures have been more predominant than low cycle
latigus. (LCF) disc failures, whilst wear-out failure modes arel iudcledunt of tlr:;u. TLis
has meant that power versus life (ir terms of time/temperature damage) has become a classic gas
turbine trade-off.

The power levels that can be used depend on the nature of the Type Approval or qualification tests
which the engine must undergo. The endurance tests called for b; the major airworthiness

•" I I I I I I I I II i ,,A
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requirements are severe in terms of creep, to ensure durability and integrity. Supplementary tests
are required to validate components subject to low cycle fatigue. The engine usage spectrum on
qualification tests is quite different from that in operational service, in order to ensure that
the engine has a severe test in a short. time.

There is also a wide variation of creep and fatigue usage from engine to engine in an operator's
fleet. The authorized engine or module life, currently declared in hours, is set so as to ensure
that the most severely used engine does not suffer premature failure. It follows therefore that
the majority of engines do not achieve their potential lives. Considerable progress has been
made in recent years towards "on-condition" maintenance, but thisconcept is at present difficult
to employ on parts subject to creep and more so on parts subject to LCF. The use of on-board
recorders to monitor life in terms of creep and fatigue on individual engines would enable them
to achieve a much higher proportion of their potential lives, and so save on engine support costs.
Additionally, continuous monitoring of engine usage would permit a much more flexible use of
higher engine ratings, as described in pars 3.5. (Refs 6, 7, 8) and the use of Emergency power levels
higher than current Maximum Contingency levels. Such Emergency power levels would be acceptable,
provided that the integrity of the engine had been demonstrated during Type Approval testing,
and the life consumption during their use was recorded. The Engine Usage and Life Monitoring
System, currently being developed under MOD(PE) contract, provides a means of achieving these
aims.

MOD(PE) are currently carrying out a review of their engine Type Approval requirements. The
advantages to be gained from new philosophies, and changes necessary in the testing procedures
are being considered (Ref 6,8). Whilst it is difficult at the time of writing to forecast the
outcome of the review of our requirements, a number of factors can be mentioned.

In order to improve the simulation of the operational low cycle and thermal fatigue usage
it has become the practice to carry out "Accelerated Mission Tests" (AMT) or "Sortie Pattern
Tests" on development engines. These tests are aimed at reproducing as accurately as possible
the damaging parts of the engine's operational usage. Although these tests are not currently a
mandatory part of UK Type Test requirements, they have been extensively used. The possible
role of the AMT in the qualification process is now being considered.

Emergency power levels are likely to differ, both in power and time of application, not only from
engine to engine but in different applications of the same engine. The approval of Emergency power is
therefore likely to require a flexible approach by the approving authority, rather than a
single fixed test schedule, but nevertheless should be an integral part of the engine endurance
testing.

The operational life of an engine is very much dependent on the environment in hnit-h it. oiprsAts.
The environmental tests which an engine and its accessorics must under6o are therefore also being
reconsidered.

6.3 Engine Power Off-Takes and Accessories. Engine auxiliary power off-takes and engine mounted
accessories provide a simple reliable installation. These advantages have been eagerly seized
by aircraft manufacturers. It may be, however, that chanrges in current design practice will
occur.

With a free turbine engine it can be shown that for a given fuel flow every 1 kW taken from the
gas generator may reduce the power turbine output by about 2-3 kW at the cruise condition. In
practice this is seen as an increase in fuel flow. It would be preferable to drive as many
engine accessories as possible from either the power turbine shaft or the helicopter gearbox.
Accessories that could be considered in this light are engine oil coolers, generators and hydraulic
pumps for the rotorhead which together typically consume 10-hO kw.

Etaý uf starting has important repercussions on the operational capability of a helicopter. As
an example, both the type of starting system and its installed weight are directly related to the
starting assist/resist characteristic of the main engine. An examination of engine specifications
reveals that self-sustaining speeds and starting torques have gradually risen so that some modern
engines require starting systems several times more powerful than those of similai size engines
of 10 to 15 years ago. Even if cost analysis shows that this is an acceptable consequence of the
trend towards decreasing fuel consumption in modern engines, the point may have been reached
where unconventional starting systems may be worth considering. These would need to have a much
higher power to weight ratio than current systems. Possibilities worth investigating, if the
logistics aspects are acceptable, are hot gas starters or even two stroke piston engines.

In addition to the approaches mentioned above, the general use of standardized higher speed or
direct drives would also lower transmission weight for both accessories and airframe. This
approach has been examined periodically in the past, but present day requirements may motivate
more determined development progrsmmeu and lead to a change in design practice for engine-mounted
accessories.

7. TOWARDS A RANGE OF ENGINES

In this paper it has been shown that military helicopters, and nence their engines, fall into two
general categories, long endurance naval types and short endurance battlefield and support types. The
principal characteristics of eackh type depend on the relative importance, already outlined in Table 1,
of factors such as specific fuel consumption, ability to function in the operational environment, and
weight. Given a choice of several engines, all of which meet the technical requirements, the

r
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procuring agency would ideally select the option with minimum life cycle costs although other aspects
such as availability and industrial considerations would also influence the decision.

As discussed in para 3.b, minimum life cycle cost for the land-based short endurance helicopter might
be achieved with an engine of low first cost, although with a higher SFC. However, for an engine
to be used in a long-endurance naval helicopter, or in a combined fleet, the more sophisticated engine
with lower SFC may be operationally necessary despite higher procurement cost.

It is in the interests of manufacturer and military procurement agency alike to minimise unit cost
by spreading first costs over a long production run. In practical terms, this means developing an
eigine which will be competitive in as many markets as possible, both military and civil, even if the
initial development is paid for with military funds. To attract commercial customers trade-errs
may need to be modified to suit their needs. To increase sales volume further, several applications
of the core engine should be possible, eg turboshaft, turboprop, turbofan, jet and industrial.
Only after all potential markets have been assessed, should an engine manufacturer commit himself to
full development of a new engine.

Military helicopters may broadly be categorized as light, medium/heavy, very large and anti-tank.
With the exception of anti-tank and very large helicopters, each category defines a basic size of
helicopter, which depends on the number of crew and passengers it has to carry. In the
increasingly complex military environment, it is likely that the weight of equipment to be carried
will increase, causing a tendency for the weights of most categories of helicopter to increase.
Although power to weight ratios for naval helicopters are unlikely to change, some increase in
installed power may be necessary for land-based types to take account of intake and exhaust
protection. For anti-tank helicopters, power to weight ratios are likely to increase more markedly
because of the need for agility. On the assumption that higher Contingency powers will be possible
it is likely that engines with Take Off powers only slightly higher than those now in service will
be adequate for most categories of helicopter. In the very large category, engines of powers in
excess of 3OO0kW (4000 SHP) may be reauired. Due to the relatively small numbers of such
helicopters their needs should be considered in conjunction with those of turbo-prop aircraft, if
economic engine programmes are desired.

Whenever an engine is selected, it is important that an allowance is made for an initial margin
of power to cope with the usual upward drift of weight during helicopter development, and for
weight growth in service. The engine should also have stretch potential sufficient for later variants
of the basic helicopter. This must be borne in mind at the conceptual stages of any new engine
design.

8. IN CONCLUSION

The two most important goals f r future military helicopters are likely to be improved environmental
resistance and reduced cost of ownership. Research and technology programmes over the next ten
years will continue to be directed towards these ends.

Although still important, less emphasis than hitherto may be given to improving performance. Indeed,
such improvements in helicopter performance as might be gained from the engine and airframe may
be partly offset by the measures taken to achieve other goals.

The introduction of engine condition monitoring systems should make an impact in the areas of
engine rating philosophy, which may allow smaller, lighter engines to be used; and should reduce
support costs through improved "on condition" maintenance techniques.

Reappraisal of accessory mounting practice may lead to small but useful improvements in
efficiency.

Engine qualification requirements need to be continuously reviewed, both to ensure that new engines
will be operated satisfactorily in a changing military environment, and to take advantage of
revised rating structures made possible by improvements in engine condition monitoring.
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TABLE 1

REQUIREMENT ENVIRONMENT

Battlefield Over Water
Ary/Air Force Navy/Air Force

Priority Priority

Resistance to the Battlefield
Environment: FOD, IR, Noise, Battle Damage 1 2 3 1 2 3

Survivability V V
Resistance to Icing and Salt Corrosion V V
Operating Range and Endurance / V
Agility and Engine Handling V/
Maintainability V V
Life Cycle Cnst V V
Flexible Rating Structure V V[Low w eignt

Multi-Fuel Capability

Improved Starting

Priority 1 Requirements essential to the performance of the intended mission of the helicopter.

2 Important requirements, but less crucial than those in category 1.

3 Desirable features, if they can be achieved without prejudice to items of priority 1
and 2.
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FIG I VARIATION OF SPECIFIC POWER AND SPECIFIC FUEL CONSUMPTION WITH CYCLE
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FIG 3 ENGINE SIZE EFFECTS

With a conventional rating structure the small
engine has a better SPC but a limited power range.
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FIG 4 TYPICAL TIME/TORQUE ANALYSIS
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FIG 5 TYPICAL POWER REQUIREMENTS FOR MULTI-ENGINED HIKL1COPPERS

HELICOPTER POWER % ENGINE POWERS

RATING/POWER LEVEL % 1 ENGINE 2 ENGINES 3 ENGINES

Cruise 60 60 60 6o

Max Continuous 80 80 80 80

Take-Off - - -100 .. 100 .. . _100 1 100 -

Inter Contingency 60 - 120 90

Max Contingency 75 - 150 112.5
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DISCUSSION

C.Albrecht, US
Could you elaborate as to how you might exploit the potential life of life-limiting parts?

Author's Reply
There are two possible approaches: first, to reduce the life lost during overhaul when components are removed

because they have less residual life (in hours) than the customer is willing to accept; second, to extend the life of
parts that have not been subjected to severe conditions. Both approaches require the use of an engine usage and

condition monitoring system (EUMS).

K.Rosen, US
Did you imply in your discussion that engine cost is not an important parameter?

Author's Reply
Prime consideration, in our view, is that of total helicopter costs, and not just engine costs.
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ABSTRACT

Mechanical components have a significant influence on the efficiency of a small
gas turbine engine. Sane of the performance losses associated with the design of the
power transmission and internal air system are defined and discussed. Improvements
in engine efficiency must be considered in conjunction with cost, reliability and size
or weight. Many of the problems considered are applicable to gas turbines in general
but become acute in small engines due to the adverse effects of scale on many component
design parameters. To meet the increasing demand for more efficient powerplants the
mechanical researrh engineer must improve the analysis of mechanical component behaviour
to produce optimised engine designs.

INTRODUCTION

As a general rule the inefficiency of an engine due to mechanical considerations
does not scale with engine size. Thus, for a small engine, the losses related to the
mechanical systems will be a much higher proportion of the output power than is the
case with its larger relatives (Figure 1). The problem is compounded by the
requirement to produce shaft power rather than jet thrust thereby necessitating a low
speed output transmission system. The mechanical control of the internal air system
also becomes more difficult as size decreases because features such as the clearances
of seals and blade tips do not scale directly.

The current emphasis on overall engine efficiency (1) has meant that the mechanical
aspects of small engine performance have come under careful scrutiny. However, the
overall ueqtiileLL of cost, reliability, mechanical efficiency and compact design are
highly interrelated and often incompatible.

The purpose of this paper is to review the progress in the mechanical systems of
small engines and to assess the current state of the technology. The discussion is
limited to the power transmission and internal air systems. These two between them
limit the overall efficiency of the engine by incurring direct mechanical losses from
the rotating components and cycle losses due to bleeds and leaks from the main engine
gas stream.

POWER TRANSMISSION SYSTEMS

In the case of a gas turbine engine the term 'transmission system' encompasses
a!] the rrmrpnnentc that support rotating shafts or tLianviit power. in a muiti-shaft
engine such as the R-R Gem (Figure 2) a large proportion of the engine volume is
concerned with the transmission and its associated components such as the oil system.

Bearings

Over the past 20 years the main improvement in the life and load capacity of
rolling bearings has been due to material changes; firstly the move from carbon chrome
to tool steel and secondly the introduction of vacuum melted materials rather than air
melted. Bearing lives for a given specific load have improved by an order of
magnitude. However, there now seems to be little scope for further rapid changes and
future improvements will be achieved by subtle refinements to design, materials and
lubrication. The internal geometry in ball bearings is also approaching its limit.
Very close conformities are required to withstand the high applied and centrifugal
loadings yet at the very high speeds proposed for new engines the resultant large
contact ellipses will give rise to considerable heat generation (to the detriment of
the oil films). The requirements of high load capacity and good mechanical efficiency C
are incompatible and the added complication of high speed is pushing conventional
technology to its limit (2).

In the case of roller bearings the difficulties stem from a combination of high speed
and low loads. Under such conditions the high viscous drag on the cage and low
frictional force between the rollers and driving race will result in skidding (3).
Skid itself is not necessarily destructive; it is the combination of dynamic loads
and thin oil films which, in the presence of slip, allows asperity contact and surfacedamage. Conventional methods of skid control involve some degree of preloading across

[I
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the bearing. In small engines this is unacceptable due to the high stiffness of the
tracks. Research into the cause and nature of slip in high speed roller bearings
(4,5 and 6) has shown that it is possible to control slip by a revised design of the
bearing, lubrication system and housing. Both slip and heat generation are functions
of the drag acting on the cage and rollers. Thus, any techniques that can be used
to reduce it such as low oil flows and small rollers, will not only reduce slip but
will also improve the mechanical efficiency. Unfortunately, such techniques require
the bearing to be externally cooled and the overall system will become more complex.

In addition to internal heat generation, small engine bearing chambers receive
a large amount of external heat input due to their proximity to the gas stream. Oil
is supplied to a bearing chamber to achieve two major tasks - lubrication and cooling.
Since a large proportion of the heat to be removed from thu bearing chamber originates
from outside the chamber it can be argued that only a small proportion of the cooling
oil need enter the chamber and most of the external cooling can be achieved by means
of an oil jacket, separately fed and scavenged. (Pig.3) Such a system would result
in reduced churning losses and less chance of oil leakage since the total volume of
oil is now much smaller compared to the volume of the chamber.

At the same time, attention should be given to reducing the radiation, conduction
and convection heat transfer paths between the gas stream and bearing chamber.

In future engines it may be possible to replace the high speed, lightly loaded
turbine roller bearings by self acting gas bearings. Such a system can run at elevated
temperature with no oil flow and with very little power loss giving a simple and elegant
design (figure 4). However, the load capacity of such bearings is low compared with
the rolling bearings that they replace and they cannot yet replace highly loaded thrust
bearings.

Gears

As is the case with bearings, the greatest improvement in gears has been the
materials. If gears are to be run successfully at very high speeds then they must
approach geometric perfection as it is often the internally generated dynamic loads
rather than the direct applied load that is the cause of failures. Figure 5
illustrates the lubrication regimes for a pair of gears. At the elevated speeds
encountered in small gas turbines boundary lubrication is not usually a problem. The
gears will be designed to run under full lubrication (zone !I) but additional loads
generated by errors in tooth form or position can easily cause the operating point
to shift lo zone III, resulting in failure. Final breakdown may be in the form of
sclffing' 'a -pturc of the oil f011 ,) su~ftuavj piLtinI (rolling contact fatigue) or
fatigue .at the roots of the teeth. All of these can be controlled by careful
mahufacture of the tooth flanks, roots and pitch.

The introduction of conformal gears in some low speed aerospace applications has
given an increase in load capacity due to the stronger tooth form but the higher
sliding velocities and consequent difficulty in maintaining the oil film has prevented
their use at higher speeds.

Any attempts to properly optimise the lubrication system reveals an incompatibility
in lubricant requirements for bearings and gears. Clearly the entire transmission
system must share one common lubricant but the ideal lubricant for gears has a high
viscosity to maximise the oil film and a low traction coefficent to minimise the
frictional losses whereas bearings require a low viscosity to reduce cage drag and a
high traction coefficient to drive the cage with as little slip as possible.

Analytical Techniques

Since the introduction of small turbo-shaft engines there has been a tendency to
neglect the analytical techniques as the transmiission systems have become increasingly
sophisticated. The result is that conventional prediction techniques are not capable
of dealing with the subtleties of the new, high speed transmissions.

During the early 1960's reliable solutions to the elasto-hydrodynamic problem
became available. This lead to improved estimates of bearing and gear life. Gear
analyses are normally based on traditional techniques and individual experience, a
method that generally works well. The analysis of high speed bearings, is, however,
less reliable, and the techniques are constantly being developed. Many of the existing
methods (7,8) involve simplifications that are no longer acceptable. A complete
analysis of a bearing system is a complex undertaking (9,10) and the art is to simplify
these techniques while retaining the necessary variables. An example of this is slip
in ball and roller bearings where relatively simple techniques (2,11) have produced
reliable results. It has become increasingly clear that the thermodynamics of the
bearing chamber must be considered if a proper analysis of slip is to be achieved
(figure 6). The introduction of oil jackets and other cooling techniques further
complicate the thermodynamic model.
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Internal Air Systems

The internal aij system com.prises a number of mechanical devices which control the
ai-flows within the engines to govern the sealing of hot gases and bearing chambers,
the tempErature of 'hot' components and the thrust load acting on the mainshaft ball
bearings. It is essential to perform each of these important functions with the
min•,inun expenditure of aJi since any air bled frua the compressor/turbine cycle will
have a significant affect on engina performance.

Turbine Blade and Nozzle Vane Cooling

As TET's have breen increased, new high temperature materials and complex cooling
systems have been developed to achieve satisfactory component stresses end life. This
has resulted in problems of mechanical design, for the components themselves and the air
delivery systemn where the requirement for high pressure air feeds to turbine blades
and nozzle vanes exacerbates anty leakage rroblems due to wall engine seal clearance
limitations. As the amount of air needed for cooling is dependent upon its delivery
temrperature the heat tranoferred to the cooliug air feed should he kept to a mJnimum.
The use of nozzles to preswirl the air in the blade cooling feed systesti produces a
temperature reduction when transferring air from a static to rotating environment.

Since mainstream airbleeds .re a debit to thu engine performance all cuoling flows
should be minimised. This is especially true for no:gzle end wall cooling flows due to
the influence of film cooling air beundary layers on secondary losses in low aspect
ratio nozzle vanes.

The physical size of umall engine nozzle vanes and turbine blades creates difficulties
in manufacturing the complex cooling passages needed for high effectiveness cooling
especially in the leading and trailing edge regions.

It is therefore iaportant to consider carefully any perfocmance losses associated
with the introduction of caraponent coolinay along wizh the temperature limitations of
new materials when daciding upon the optimum TET for a new or uprated engine.

Disc Sealing and Cooling

In early gas turbines little emphasis was placed on preventing hot gases from
entering the core of tha engine. Powever, af speeds and temperatures have increased
it has become necessary to prevent hot gas ingestion at the disc rim a:.d avoid over-
heating the highly stressed turbine discs. The techniauc that has been deveioped is
tc bla$, ielrtiveiy cool canpressor air radially outwards across the face of the disc.
Research into the sealing retcuironents of a rotor/stator cavity has shown that the
minimum airflow needed is a function of rotational Reynolds N4o., disc radius and rim
gap. (12).

The quantity of air ured for turbine rim sealing should De the minimum possinle
since it has e double effest or. engine performance. Firstly, air bled from the main
gas stream does no useful turbine work and secondly, this air can cause severe disturbencc
to the turbine bladc flows when injected into the gas strewmr at the disc rim. Improviiiy
the geometric design of tne rim seal allows satisfactory hot gas sealing with a .smaller
airflow. For large gas turbino engines complex rim seals have beccmre a standard fsature
hut nro not easily designed into -mall engines since it is difficult and expensive to
manufacture reduced scale seals of this type to suitable tolerances.

Work is in pcogrees to optimise the rim real design using realintic m-sllcngine
geometrTPs frani which a coapadbson can be made with the correlation for more idealised
geometries (Figure 7).

Improved undoestanding of the complex flow mechanisms associated with rotating
components hab enabled the air system to be optin, ised for better control of component
tunperatures.

By varying component geometries and air bleeds it is poosible to:-

a) Influence temrneratures in turbine discs to alleviate thermal stress problems
associatcd with udverse temperature gradients possible during rapid start/take-off
operation. Figure 8 shows an example of an Intejral blade and disc where the disc
rim responds very rapidly to changes in gas temperature.

b) Reduce the windage generated by the rotating components which, as well as being a
direct mechanical engine power loss, is largely dissipated as heat. This latter
effect can cause severe temperature problems in components such as centrifugal
compressors operating at high rotational speeds unless the windage is contro.led.
(figure 9).
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Turbine Tip Clearance Control

As faster hotter engines have evolved, blade stresses have forced the trend away
from shrouded turbine blades (figure 10(b))to unshrouded blades (figure 10(a)). With
separate shrouds it is essential to Peep the turbine tip to shroud gap as small as
possible at cruise and take-.off conditions so as to minimise overtip leakage and thereby
avoid the associated reductions in turbine efficiency and engine power output.
Comparison of achievable tip clearance with blade height highlights the problem of small
engine tip clearance control where shear size causes difficulties in manufacturing and
operating a mechanically active tip clearance control system in an environment of 1100-
1200 0 C and 45000 rxp.

The main problem with metal shrouds at high Lurbine entry temperatures (TET' is
distortion and as TET's are increased, metal. shrouds remuire cooling systems of ever
increasing complexity to maintain satisfactory metal temperatures and control growths
to give acceptable tip clearance. With such aro:angements there must always be a
compromise between minimum tip clearance at high operating powers and possible
transient pinch points during acceleration or shutdown. These shroud cooling systems
either use air which is ejected directly into the gas stream or air which is subsequently
used to coo) the nozzle guide vanes. The former system incurs a performance penalty
and the latter system degrades the quality of the nozzle cooling air.

An insulating layer can be usea on these shrouds to reduce the gas stream heat
transfer and should ideally possess abradable properties to prevent blade damage during a
transient rub. It is however difficult to develop a satisfactory abradable material
which can withstand gas erosion at elevated TET's,but. recent research has produced new
more suitable materials.

An alternative to the complexity of cooled and insulated shrouds is to use a high
temperature ceramic material such a5 silicon carbide (fioure 11). Certain ceramic
materials have low expansion oroperties and excellent high temperature capabilities
enabling a ceramic shroud to operate uncooled at high TET's with low distortion, small
clearances at high powers and withouL transient blade rubs.

The disadvantage of ceramic shrouds is that ceramics are relatively brittle compared
to current high temnoreture iietal alloys and therefore any designs should ensure that
ceramic components are not subjected to severe tensile loads, either self generated
thermal shock or applied physical load. Care should be taken to mechanically insulate
any ceramic component from ad•jacent metal structure by using a campliant mounting system
to reduce any thermally induced stresz concentrations.

Turbir.e sbrpudc are an Jdeil application for ceramics since they are not highly
stressed, yet the potential gain in turbine efficiency is substantial.

Bearing Chambers and Loading

The combination of turbine reaction loads and air pressure loads on disc faces can
result In net aerodynamic loads in excess of 5OOON, acting axially on an engine shaft.
To achieve adequate bearing life these loads are generally reduced by incorporating
balance pist-on discs with air pressure differentials between their faces separated by a
labyrinth seal. The characteristics of a labyrinth seal are such that the leakage flow
is a function of the pressure difference and the operating clearance. Seal clearances
are governed by tolerance build up, thermal and centrifugal growths and radial clearances
in the bearing and squeeze f17.1. These factors are similar for small and large engines
which often create unail engine problems wnere seal airrlows are in excess of those
required for rim sealing bearing chomber sealing or cooling purposes.

It may be necessary to incorporate bearing chamber vents to maiintain satisfactory
seal pressure drops an-d prevent oil leakage. As well as wasting expensive coupressor
air, the presence of large quantities of relatively hot air (campared to oil temperature)
in the bearing chamber produces increased bearing temperatures and places greater
dc:,ands on the oil cooling system. To improve sealing effic~eiocy new types of seal
are being considered such as brush seals; hydraulic seals which can theoretically
withstald 150 psi at small engine rizes and speeds, and self acting li.t. off seals
which op-erate on the same principle as gas beariyogs. Positive bearing chamber seals
would reduce air wastage and heat rejection to the oil and would allow suction scavenge
to remove the oil as opposed to pressurised bearing cnambers.

As well ab reducing the applied bearing thrust loads progress has been made in
Increasing the load capacýcy of 'he bearings. however, higher load capacity results
in larger bearings with increased power losses, especialll for multi-row bearing
arrangements. A design cunpromise moust therefore be reached be:tween mechanical loss
and air system bleod performance peaalties.
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CONCLUSIONS

This paper has discussed some of the difficulties encountered in providing
satisfactory mechanical systems for modern small, high speed, high temperature,
turboshaft engines. The increasing demand for more efficient engines requires
the mechanical components to be optimised to a much higher degree than has previously
been necessary. New analytical methods are needed if that optimisation is to be
achieved as the engine is designed.

Since the introduction of small gas turbines considerable improvements have been
made in the power transmission and internal air systems in respect to both component
efficiencies and lives. However, as development continues the law of diminishing
returns inevitably applies thus further improvements present a challenge to the research
engineer and require courage on behalf of the designer, who must include ideas that are,
in some cases, totaily new.
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DISCUSSION

B.Shotter, UK
Could the authors comment further on their suggestion that conformal gearing is not appropriate for high pitch line
speeds? My experience is contrary to this statement. These gears can operate up to about 100 m/s and perhaps even
further. As far as has been investigated, the lubrication losses with conformal teeth have always been lower than
with the equivalent involute teeth.

Author's Reply
We thank you for your comments and are interested in learning more about your recent developments in this field.

D.Hennecke, Ge
In Figure 11 you show turbine shroud cooling concepts. What insulation material do you use ;n design (b)?

Author's Reply
The insulation in design (b) is a nickel-aluminium fillc I honeycomb.

D.Hennecke, Ge
Have you already built a ceramic shroud as shown in design (c) and what is your experience?

Author's Reply
A ceramic turbine shroud will be tested in the Gem Advanced Mechanical Engineering Demonstrator (AMED) in
September 1981.

D.Hennecke, Ge
How do you handle rub-in that is desired during running in of the engine?

Author's Reply

The rubbing characteristics of ceramic materials are being evaluated in a comprehensive research program to support
the inipemiciiiaion of ceramic components into development engines.

W.Heilmann, Ge
Is not the problem of high rate of heat to oil related to your design (many bearings, seals, heat conduction through
struts, etc.)?

Author's Reply
In a three-shaft engine such as the Rolls-Royce Gem one has to pay somewhat for the higher engine efficiency and
response rate with an increase in mechanical losses due to the large number of bearings and seals required. To offset
this mechanical loss penalty, we are incorporating the results of our research into the behavior of mechanical
components leading to improved bearing chamber designs.

K.Rosen, US
Have you considered a customer bleed valving system that would allow air to be taken off the high compressor at
low-speed operation and low compressor at high-speed operation?

Author's Reply
Provision of alternative sources for customer air bleed at different engine powers could produce small but significant
gains in engine cruise sfc and would be relatively easy to incorporate in our two-shaft gas generator arrangement. To
evaluate this sfc improvement in detail for particular applications and assess the cost effectiveness of such a system
will require information on pressure, temperature and mass flow requirement for the cabin bleed at all operating
conditions,

D.Griffiths, UK
You spoke about the benefits to be obtained in turbine efficiency by close control of tip clearance. Is active tip
clearance control applicable to helicopter engines and have you considered such a system?

Author's Reply
Active tip clearance control could give improvements in turbine efficiency in helicopter engines, v,1though it is more
difficult to install such a system in a small engine, which has a reverse flow combustion chamber, ,.ue to space and
temperature limitations.
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SUMMARY

A next generation medium power helicopter engine will have to show significant ad-
vances, when compared with engines representing todays high standard of technology. To-
wards this end, reduced fuel consumption will be a prime contributor, but new develop-
ment can only be justified, if it results in improved overall engine economics as well
as reliability.

The basis for success is the application of advanced but proven component technolo-
gy. Design activities need to start well in advance of the actual engine program to de-
fine the environment for component development, with the target to have technology and
design methodology available at the beginning of engine development.

Starting off with an optimized thermodynamic cycle, it will be discussed which com-
ponents need intensive research and development to render a mature and reliable first
production engine. Present date results, with regards aerodynamic and structural techno-
logy, are presented from both rig and demonstrator test programs.

SYMBOLS

"MC cooling air mass flow

M •^ucl flow"-F
"MRED reduced mass flow

M1  compressor mass flow

N rotor speed

P power

T CI cooling air temperature

T G gas-temperature

Tt 3  stator outlet temperature of the gasgenerator-turbine

TW wall temperature, local

SC compressor efficiency
S..l.inn effectiveness

GGT gasgenerator-turbine efficiency

IS isentropic efficiency

pressure ratio

¶ C compressor pressure ratio

1. TARGETS FOR DEVELOPMENT

Helicopters today are an established part of aviation. Towards this success the
high standard of technology imbedded in present generation engines has paid its vital
contribution. Against this background, and considering the ever increasing cost of de-
velopment, two questions will be rightfully asked
- with cuirent engines'performance being so far advanced, what further significant im-

provement is there to be realized, and

- what is the impetus, that has the industry working on component development for a next
generation helicopter engine today.

Fig. 1 is an examplatory attempt to give part of this answer. It compares the levels
of specific consumption over Take-Off-Pcwer, that is the performance offered today with
the targets for a next generation of engines. This improvement reflects more ambitious
thermodynamic cycles matched to the aerodynamic and mechanical quality of advance tech-
nology components (Ref. 1, 2, 3). From that figure it also becomes apparent, that the
range around 900 kW is not yet adequately represented.



However, reducing SFC cannot be the sole justification for new development. In spite
of increasing fuel cost, it remains but one important aspect of engine economics, in
which further reduced weight and volume, higher reliability together with bettel main-
tainability figure equally as high. It is this requirement for better system performance
and overall economics, resulting in reduced operating cost, that the industry is reacting
to, when proposing a next generation of engines.

The basis for success still remains the application of advanced components in terms
of aerodynamic and mechanical design. Considering the tightening schedules available for
engine development, component development needs to start well in advance. Testing in both
rig and demonstrator are paramount, in order to have proven technology and design metho-
dology ready at the beginning of the actual engine program.

The work discussed here is oriented at the medium power helicopter, specifically the
900 kW engine class. A major portion of it being MTU's contribution towards a program
called "MTM-Technology-Demonstration". It is jointly pursued with TURBOMECA and in part
supported by the competent authorities in France and Germany* (Ref. 4).

2. COMPONENT DEFINITION AND CYCLE SELECTION

Early design activity is called for to define the environment for component develop-
ment. Towards that end a base line engine design, properly reflecting the afore mentioned
requirements, has to be established. This will then put advance technology targets into
proper perspective, and allow for integrated component activity.

Recognizing the small size of future power plants, particular attention has to be
given to the selection of an optimum cycle (Fig. 2). Aside from the components'technology
content, limitations have to be accepted, which result from turbine cooling and size
effects (Fig. 2a). To better point out these aspects turning the same correlation inside
out, though less common, is more convenient (Fig. 2b5. Plotted are turbine-stator outlet
temperature versus pressure ratio, with specific fuel consumption and specific power used
as parameters. This to demonstrate, that two important effects need be taken into account:

- high stator outlet temperatures tend to increase :ooling air requirements, leading to
deminishing returns in cycle efficiency

- coupled with such temperatures, there is an increase in specific power. The resulting
reduction in turbomachinery size, augmented by higher pressure ratios, wants careful
trading against the now gaining negative influence of secondary losses on component
efficiency.

A design diagram (Fig. 3) reflects these inputb and indicates, that for a given en-
gine size in terms of power, the range of design parameters to achieve optimum specific
consumption is rather narrow. Extending the analysis to partload performance, as well as
mission fuel consumtion arrives at the same results (Ref. 5).

The requirement for optimum partload performance naturally affects component design.
Especially compressor and powerturbine have to render high efficiencies at low aerodyna-
mic speeds.

On the way to component definition additional factors of importance have been con-
sidered

- high gasgenerator aerodynamic overspeed capability and temperatur margin to cover emer-
gency power ratings

- short acceleration time, requirering a low inertia rotor, sufficient surcemargin for
the compressor and a gasgenerator-turbine with high efficiency at reduced aerodynamic
speeds.

Within that framework the base line engine has been defined (Fig. 4), incorporating
the highest potential for lowest specific consumption and a life of 6000 mission hours.
It consits of a variable geometry axial/radial compressor, a reverse flow combustor, a
two stage gasgenerator-turbine and a two stage powerturbine with front drive. This sets
the environment for component work

- basic development in the rig, and

- substantiation of the technology level achieved under actual engine conditions in the
Gasgenerator Demonstrator (Fig. 5),

out of which but a few selected aspects will be presented.

3. GASGENERATOR-TURBINE

Targeta for development are

- high performance with careful attention to minimizing secondary effects on turbine
aerodynamics, such as tip clearance control and introduction of cooling as well as
leakage air into the main gas stream (Ref. 6).

* in Germany the Federal Ministery of Defense (BMVg)

L~~ -. .
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- Structural design to satisfy life-, reliability- and cost requirements in an environ-
ment oi elevated thermal- and mechanical loading.

Fundamental aerodynamic development is being carried out with the aid of a cold rig
(Fig. 6), designed to permit separate variation of the individual cooling air flows, i.e.
to first stage stator, first stage blade and liner, and second stage stator. Aside from
verifying, that target efficiencies have been comfortably achieved, these tests have
yielded very important answers,which will help to further improve the component (F.g. 7):
Cooling airflow of the first stator effects capacity only, a factor when properly mat-
ching the gasgenerator. However, both first blade and second stator cooling air effect
efficiency. Even though already moderate, this penalty can be further reduced by optimized
cooling air reintroduction.

The amount of cooling air required has a detrimental influence on cycle efficiency,
as has been indicated before. Selection of high thermal strength material for the air-
foils, together with good cooling effectiveness becomes of prime importance for structu-
ral design. Testing in the demonstrator (Fig. 8), using thermal paints, has made evident
that cooling airflow can be reduced. For example on the first stage vane leading edge,
temperatures of the hottest airfoil were within target, the trailing edge was cooler than
design. Similar results were obtained for the other blades and vanes.

The structural design of the first stage rotor is clear cut, separate cooled blades
held in a powder metal disk; this technology by now being well established at MTU. The
second rotor (Fig. 9) becomes more of a challenge, in terms of cost effectiveness. With
no blade cooling required, an integrally cast wheel is feasible, but marginal with re-
gards cyclic life. Here diffusion bonding presents an efficient technique to combine ma-
terials, casting for high thermal strength of blades and rim, powder metal for excellent
low cycle fatigue life of the disk. As of today, structural rig tests have met all ex-
pectancies and this design is on the way to prove its potential in the demonstrator.

4. COMBUSTOR

The combustion chamber is a key component for a successful engine. In view of ele-
vated turbine inlet temperatures, its own durability as well as its performance's in-
fluence on the life of downstream components are a, literally, vital aspect to insure
high reliability and low maintenance cost. Adding the requirement for low emission com-
pletes the development task (Ref. 7).

A reverse flow combustor has been selected for its superior potential of:

- low temperature distrihutionf factors

- ef icient combustion with low emission

- high stability and good relight

- excellent maintainability at reduced engine length.

However, these benefits, resulting from larger volume at hand for combustion and
additional transition duct length available for dilution, have to be paid for by extra
effort to control wall temperatures. It has to be realized, that this is not an easy un-
dertaking, since both wall cooling and combustion require their adequate amount of air.
But today it can be r ported that development progress made does safeguard a proper dis-
tribution, as verified by high pressure rig and demonstrator testing. Fig. 10 for example
shows combustion chamber dome and outer transition duct after having run in the gasgene-
rator demonstrator. Turbine inlet temperature corresponded to Maximum Continuous rating,
some 25 Centrigrade below Take-Off. Wall temperatures are very uniform and nowhere exceed
1100 Ka This was made po:;sible by fiust optimisation of combustion in the primary zone
and second the application of efficient wall cooling technology.

In order to further reduce temperatures, or, with the same temperature level, to
allow for a more costeffective wall cooling scheme, the use of thermal barrier coatings
is under evalution. Test results (Fig. 11) indicate the potential to lower hot part tem-
peratures significantly.

5. COMPRESSOR

The compressor, subject to deuelopmert within the current technology demonstration,
has been selected and designed by TURBOMECi to best match the requirements laid down for
the baseline engine. Its performance is considered substantiated today. High design
efficiency with high aerodynamic overspeed capability, low inertia rotor and extended
surgemargin have, together with proper consideration of the target "into service" date,
set the level to which the number of stages ware reduced.

MTU's own activities, outside of the technology program mentioned before and spon-
sored by BMFT*, will serve to discuss the development task at hand. They are oriented at
providing fundamental knowledge on axial, as well as radial compressors (Ref. 8, 9).

- r * German Federal Ministery of Research and Technology jr
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Though still iesearch oriented in nature, an axial/radial compressor (Ref. 10) is,
after having proven its potential in the rig, eventually •c ,eduled to be demonstrator
tested together with the turbine dicussed before. Fig. 12 nL±ows a preview - the rotor at
check assembly.

The further reduction of stages, i.e. augmenting stage pressure ratio without sacri-
fice in performance, requires techniques to be applied, which, though at MTU proven for
larger masaflow compressors, have to be considexed new technology for this size machine
(Fig. 13)

- airfoils for high supersonic flow at the inlet

- supercritical, low loss, profiles to react to high subsonic flow in the middle cascades

- boundary layer control for the extremely loaded last vane

- casing treatment in the blade tip area in addition to variable geometry vanes for im-
proved surgemargin.

To advance technology and establish design methodology, detail analysis of indivi-
dual stage performance is required. Fig. 14 for example presents the results obtained
from testing the radial stage. Efficiency has been practically achieved, particularly at
part load operation. Mass flow is to target.

6. FUTURE PROGRESS

While accumulatinz experience within the ongoing development program, the progress
made and the developnent content have to be continuously monitored against the scenario
of customer needs. Timely reaction is required, especially if priorities start drifting
apart.

With the same emphasis on reduced operating cost, for a civil engine's Direct Opera-
ting Cost, lowest possible fuel consumption still outweighs complexity, but for military
application, where Life Cycle Cost is concerned, reduced complexity and part cost may
well become of prime significance.

A base line engine desxgn pe r'ig. 15, reflects these considerations. It features a
two stave axial/radial comprossor driven by a single stage, highly transonic, gasgenera-
tor-turbine. Initial anc; maintainance cost are greatly reduced. Because of extreme aero-
dynamic loading an efficiency penalty has to be accepted. This is however in part compen-
sated - a simplified - yste-- rC-u-t- i--- less leekdye air and lower rotor relative tem-
peratures pe'mit reduced cooling airflow for the gasgenerator-turbine or an increase of
statar outlet temperature. The latter effect having to be compromised for required life
and improved cycle performance.

Component development has been initiated. Justifiably so, since, on the basis of the
technological advances available today, it has been established that long range develop-
ment potential will render superior system performance.

7. CONCLUSIONS

In conclusion then, this brief survey of development activities regarding medium po-
wer helicopter engines, was to show, that the effect concentrates on improving operating
cost and reliability. Towards this end, advanced components are available today, an,! zur.-
ther progress is on route.

The coordination of three development aspects:

- improvement of analytical tools, such as design methodology and test analysis,

- optimisation and proof of performance pottntial in the rig, and

- substantiation of performance under engine condttions in a demonstrator,

are the key to success for the engineer.
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DISCUSSION

K.Hart, UK
Could you comment more on your experience with thermal barrier coatings?

Author's Reply
We have applied thermal barrier coatings (zirconium oxide) to combustion chambers, blades, vanes, and platforms
and have had good success, except for areas and vanes and blades directly exposed to the main gas stream.

P.Brammer, UK
Could you comment more on the subject of casing treatment?

Author's Reply
We have applied treatment to several compressors. The primary payoff is in the area of improved surge margin.
However, we have yet to apply this concept to an engine that would go into production.

K.Rosen, US
Could you comment on why you selected an axial-centrifugal compressor combination?

Author's Reply
This combination gives yields of lower inertia resulting in improved ;!cceleration characteristics.

K.Rosen, US
Could you comment on the anticipated output speed of the power turbine?

Author's Reply
It would be in the range from 28,000 to 30,000 rpm.
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INFLUENCE DES NOUVELLES TECHNOLOGIES DES TURP3INES
SUIR LEURS CO?4POSANTS

Par
MA. GIRAUD H. LOUSTALET

TURBONECA
Bordes 64320 Bizanos

France

RESUME

La communication prdseflt& met en dvidence l'inter-d~zpendance de la technologie des
turbo-moteurs avec celle de leurs composants.

Aprcs un bret rappel des objectifs de d~veloppement des futurs moteurs d'h6licop-
t~res de moyenne puissance, on examine les moyens de les r~aliser.

Partant d'une conception classigue de meteor, on montre qu'une nouvelle architec-
ture est ni~xlssaire et qu'elle a un fort impact cur la technologie et les performances
des composants.

A leur tour, ceux-ci imposent au constructeur de nouvelles technologies de r~alisa-
tion.

INTRODUCTION

La communication gue nous 'rdsentons a pour objet do montrer l'interd~pendance, au
niveau des composants, des prob±4mes d'a6ro-thermodynamique et des probl~mes de construc-
tion. Cette interd6pendance de sujets aussi divers ndcessite d'ttre traitde par des tgui-
pea de travail pluridisciplinaires et ceci dds le stade de la conception d'un nouveau
me teur.

Pans le domaine gui nous int~resse -los turbomoteurs d'helicopt~res- nous verrons
que Jieffet do taille eat tr6s important et viont accroitre encore cette interd~pendance
de techniques trds diverses. C'est pourquoi nous limiterons metre 6tude a celle de turbo-
meteors de taille moyenne, 400 A 1. 500 kW, couvrant 1'essentiel des productions de la
Secir~t6 TURBOMECA.

Dana l~e cadre gui nous oat im~parti nous nous sutuites limitda A un seul type do me-
teur :le turhomoteur A turbine libre afin de pouveir montrer avec plus do ddtails les
prob1c~mes gui se pesent ao motoriate. Ccci no peut restroindre la gdn(-ralitL5 de nos con-
clusions puisgu'il a'agrt plut~t do ddcrire une m6thodologie de travail quo d'aboutir A
la conception de tolle ou tello machine particulidre.

De erdme, los rdsultats do cette 6tude ne portent 8tre consid(r6a comme d6finitifs
car los nombreux cemprornis entre des exigences contradicteires peuvent conduire A des
cheix diffdrents aelen l'importance plus ou momns grands que 1ion veudra bien donner A
tel ou tel param~tre, A telle ou telle caractfristique.

OBJLCTIF:S PL DEVI'LOPPE1MENT

Pendant toute la phase de ddfinition d'un moteur nouveau, lesagrands objoctifs A
rS.14~c cnpirii vent en nermanence 6tre erdcents dans l'esprit des concepteois.

Cec ebjoectifa de d6veloppement, connus de tous les moteristes, peuvent &tre clacads
en deux catdgoriea.

La premidre cat~gorie concerne tout ce qui a trait a la diminution des coflts d'ex-
ploitation de Jih~licoptcre gui utilisera le fotur meteor. L'induatrie des turbines oat
en effet maintenant en pleine phase induatrielle ot l'dre des pionniers, ed il fallait
A tout prix satisfairo le besoin technique, eat d~passde. La grando majorit6 des cons-
tructeurs sait satisfaire ce bosomn lo problý.me oat aujeurd'huji do le satiafaire au
meilleur coat pour on volume donn6, de production do s6rie. Pour cc faire, los objectifs
suivants sent d~terminantc

- diminution du prix do reviont moteur
- diminution des consemmations do carburant
- diminution des cofits do maintenance
- augmentation de la fiabilit6.

La deuxidme cntk~gerie d'objectifs do dt~voloppement des moteurs cencerne ce gui a
trait A l'amflioration des performances do lhdlicoptdre, soit

-la diminution de la masse motrice
-la diminution do l'encombroment do meteur.

Ces deux paramdýtres influent directemont cur la structure et le dessin de la cellule
et contributent ainsi A leobtention d'un meilleur produit d'ensomblo.
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COMMENT REALISLR CI'S OBJECTIFS ?

Nous commencerons par les examiner un A un.

Le prix do revient du moteur est de toute 6vidence un param~tre trts important. Nous
laisserons de c6t6 le facteur de ddcroissanco du prix en fonction du rang de s6rie (loi de
Wright) parce que, do par sa g6ndralit6, il n'est pas influenc6 par la conception du mo-
teur et la qualitd de ses composants. Co param6tre pout ttre facilement 61imin6 en rai-
sonnant pour un rang do moteur fixt dans la sdrie 100e, 1 000e, etc... D6s lors, la di-
minution du coot du moteour passe par celle du nombre de sos pi6ces constitutives. Cc nombre
de pi6ces est a son tour fonction de la conception et du nombre des composants, ces doux
616ments s'influenqant mutuellement. Par conception, nous entendons ]'architecture gdn6-
rale du moteur,terme que nous conserverons dans la suite do notre exposd. C'est l'archi-
tecture du meteur qui ddfinit le nombre et la disposition des arbres, des roulements, des
paliers et des composants. Pour les composants - (6tages de compression et de ddtente) -
plus leur nombre sera faible, plus sera faible le nombre des aubages fixes et mobiles et
plus sera faible le prix de revient moteur. En ddfinitive,nous retiendrons comme fondamen-
tal pour le coot du moteur son architecture et le nombre des composants.

Autre objectif A atteindre : une faible consommation sp~cifique de carburant. Ici,
c'est le cycle thermodynamique du moteur qui est impliqu6, c'est ý dire essentiellement
trois facteurs :

- le tauo do compression
- la tempdrature entree turbine
- les rendements des composants.

L'historique des turbomachines a bien montr6, A ce point de vue, une Evolution plus
ou moins continue de ces trois paramdtres mais qui a conduit au moins pour les deux pre-
miers A une augmentation de la complexitd des machines : nombre des composants et archi-

tecture, donc en conflit direct avec l'objectif "prix de revient". Il existe cependant une
voie pour r~soudre ce probl~me, c'est l'utilisation des grandes vitesses p6riph6riques. Il
sera done possible d'augmenter, dans les 6tages 6l6mentaires, taux de compression et de
d~tente et ainsi d'amdliorer le cycle thermodynamique sans compliquer l'architecture du
moteur. Cette voic est celle suivie par TURBOMECA. Ce n'est pas la plus facile mais il est
certain qu'elle est trds prometteuse. Elle n'est possible que si lon maitrise bien l'aE-
rodynamique des dcoulements transsoniques et supersoniques sinon les rendements des com-
posants vent se d6grader et annuler le b~n~fice que l'on escompte.

L'objectif d'abaissement des coots de maintenance est obtenu par la conception modu-
laire des moteurs, conception pratiqude actuellement par la plupart des constructeurs. LA
encore, c'cct 1'orchitccturcdu moteur qui permettc a de rtaliaet ueLLt exigence.

L'objectif de fiabilitd sera atteint par une construction "robuste" des difflrents
Elments du moteur. Les 6tudes et les efforts doivent porter sur les dur~es de vie, les
vies cycliques, la protection contre l'absorption des corps 6trangers, les r~tentions des
pi~ces tournantes, les effets des pollutions diverses (eau, glace, sable, etc...) et l'en-
vironnement moteur (distorsions de flux, reingestions de gaz bralds, etc...).

L'objectif de diminution de la masse motrice peut, sur certains points, Otre contra-
dictoire avec l'objectif pr~c~dent. Pour sa r~alisation, il pourrait ndcessiter en effet
une construction l~gtre et trds dlabor~e au niveau des pi(ces Eldmentaires qui va s'oppo-
ser A l'aspect "robustesse" indiquo ci-dessus. 1l y a done, IA encore, un difficile compro-
mis A obtenir. Par contre, le meilleur moyen de rE1liser une masse sp6cifique faible r6-
side bien dans une conception simple du moteur, c'est A dire que l'on retrouve encore le
paramdtre "architecture".

Le dernier objectif A atteindre, minimiser loencombrement, sera lui-aussi grandement
fonction de 1'architecture, mais Egalement du eombre des composants, leur diminution 6tant
6videmment un facteur 6 rechercher.

Nous pouvons maintenant faire !a synthdse des diff6rents moyens retenus pour r~aliser
les objectifs que nous avons pr@cddemment ddfinis. Trois facteurs essentiels subsistent et
de la mani~re dont ils pourront Etre traitds ddpendra pour beaucoup la rdussite du moteur
ainsi congu. Pour nous, le "tripl6 gagnant" est bien le suivant :

Architecture - cycle- nombre de composants. L'approche traditionnelle pour traiter ce
triplet comportait une certaine hi6rarchie, ou pour le moins, une certaine chronologie

1. D~termination du cycle.

2. Nombre des composants.

3. Architecture moteur.

L'approche actuelle est fondamentalement diff6rente et consiste A traiter simultan6-
ment les trois 61Ements du triplet : tout2 option sur l'un de ces E1lments devra §tre im-
m6diatement examinde au niveau de ses implications sur les deux autres, ce qui impose au
motoriste une communication et un va-et-vient permanent de l'information au sein des dif-
f~rentes Equipes de travail.
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DLSCRIPI1TION DEIS IURI3QMO]LURS D)L CoNCL1t iON C1.A3SSI QkJI

Dafls la gamma des puissances moyannes, ces derniers tuiboinoteurs TURIIOMECA de .con-
ception classique" qui ant tt lanc6s en s~lrie, P ARRIEL (figure 1) et le MAKILA (figure
2) soft caract~ris6s par

Figure I Figure 2

tin g~n~rateur de gaz ( P25

- d'un coinpresseur cor+-renant un i~tage centrifuge coup1
6 scion le cas A 1 ou 2 au m~me

3 6tage: axiaux, 1lensembie r~aJlisant un taux de caompressian IT1= 8 A 10.

- d'une turbine, A deux 6tages dont la tempf~rature daentr6e (TET) limit~c A 1 000',
1 0501C 6vite d'utiliser un syst~me da refraidissarnent (taujuiars cauteux at d~licat
dans les petites turbomachines) . La turbine et le caispresseur canstituent un simple
corps utilisarit deux arbres (figure 3) au un arbre stir troi5 paliers (figure 4)

ILIU

Figure 3

Figure 4



-Wuno cliambre do combustion placCo e~itre compresseur et turbine. Elle -t A SiIjOOcXon
centrifuge do. caý'burant atu mayen d'une rouc alimtentilo lattralomont, (disp~siti1 plus
simple s'.i cst compar6 A l'alimentation par tube central rtalis6e sur ILe; MOtours do
is gtInorat lot. pr'4cd6dento T'PIMO - ASTAZOU).

-line turbine do pulssance A on eli deux 6tages dont la puissance ost. fourncý Aý la bo~itC- do-
tasision rprineipale do I hi(licoptcre soil en prise directe (figure 3), suit par Pn

tormrsdiaire- d'un rdducteur (figuro 4). Los ditffrents typos do prise do mouvosunt [)eu-
vent isiposer is tfalisation d'un arbre do puissance paraliuile au corps dui g~n.'ratour
(figure 4).

Cre6 choix cenduisent A uno architecture moteur dens laquollo lo nombro do, pallors va--
rio do 5 A 7 ot lo nombre dcenceintes do paliors do 3 A 4, ileposant ainsi mutant do di~s-

posit-ifs do servitude' (abimentation et r?5cu'pdra* i d'hoilo, msisom A l'air, 6tanchtit6).

CONCEPTS WAIi LIV'RATION 111*S T!JRIIOýMOIEIIS

La nouvelle architecture qui s'impose conduit A roponser SucOss~iVOelflt los ensembles5
tournants, la c~hambro de combustion, le compresseur, la turbine.

Enaombles tournants :L'objectif do simtplification conduit A ruisliser on. gindrateur do gas
cornprenant un ceul arbre sulppert( pair doux paliers. La turbine do puissance aura uno dis-
position sezullableo. Cependant, adin 6c: cencilicr encombrement et po7-ls minimums avec one
priso do puissance .1 lavant ou A1 1arridro, l'arbro do puissance sora unccentrique Ak ce-
lul du y~ntratour. Cotte d&iapositiun ruiduit le nembre d'enrointes do pallorL et pormot
sisuiment 1e ddvc~oppement en turbopropuseour et turbofan cc gui pourra ruiduiro be prix do
revient du gin~uiateur de gzsz

Chambre do combustion :L'architc-thure duifinie pr~cfdommont implique deo raccourcir au ma-
ximum les distances entre paliors A is fois pour le gdnuiratour et l'srbrc de puissance
afin de minimisor los probDldmos do vitessos critiques et do vibrations. Pour cola, is
c-hamfbre do combustion TURBOMECA ciassique, a injection centrifuge, oat abandonnuie so pro-
lit d'une chamnbre A flux- moored (figures 10 et 11). Le volume do chambre (fonction du
d'ýbit d'air et do taux do compression) so trouve transfuir6 au-dessua do la turbine HP et
'a distance entre corsprcsseur et turbine ost ruiduite A la simple implantation du coudo
d'amenui des gas A l'entrds! d-z distributeur ler CItaqe. 11 n'y a pratiquom-ant pas d'aug-
montarien do maitre-couple du meteor car ce type do chambro a'int'Agro parfaitement der-
riulir ur ,etage do compression centrifuge. Ce choix oat expliqucd ci-apri~s.

Ccirnrossf-ur -Chporcher A diminuor be n~c1,ibrrc A-a---- cuuadmuiit 3 adopter un soul COtage
centrifuge A vitesse puiriph~rique bisodo et ban rendomonit. Ce dornior pout faire le mt~me
travail do compression quo 4 A 6 6ta-es axisux tranasoniques. Ce type de compressour a des
suosges momns tragiles qu'unc ro'ue ax-sle et de ce fait pruisente on avantage do point do
vue fiabilitui. Co chcix &'ispose donc, A condition d'obtenir on 6tage centrifuge A
bautes performances :viteaso 6bevuic et bons rondoments. Or, avec los progruis effoctuts
en co dompaino depuis q.'olques annuies on sait maintenant concovoir et ruisliser do tela
centrifuges avoc des rondorronts polytrepique.s au rroins uigaux A ceux des 6tagos axiaux
qu'ils reniplacont.

Turbine haute 2ression :Le but A rochorcher oct lo muimo quo pour be comnprossour. Compte-
ten u o tdo cot organe et do -- iijff'cjult! do misc su point, -)n chorchera A ruimlisor

!a duitente en un soul Otago et on reculora le plus possible 1'intrc-duction do rufroidiast-
mont des pales mobiles.

Par is considuiration du couple :arch itecrurur--cr'mrnnan tsc on h- ---uti cC" a
ratour do gas be plus simple et 1e plus compact gui soit (figure 5), cempronant

one c~iambre do combustion A flux invors6
on compressour centrifuge A hautes performances
one turbine H1P monodtstge non rofroidie

on arbre sopportui par deux paliera soulemont.

Figure 5 I



Cycic. thermodynamiu :o Ldttage centrifuge ost-il suffisant pour la compression ?

L'examen du cyle thermodynamique, troisiO~mo terms du triplet mis on relief prt6cdemznont,
va rious donnor Is r6ponse.

En effot, avec un dtage centrifuge dont le taux do compression au rdgime nominal
serait do 7 A 9, associ6 A une turbine BPI tonctionr,ant dans la gammo des tompdratures

950/1 050'C, los calculs do cycle montrent que lee consonunatiuns de carburont serajont
situdes; dans la fourclietto de 330 A 350 y/ldth. Avec los augmontations successives des

prix pttroliors. cos valcurs gqui aurajent 4ýt6 acceptablos il y a encore quelgues anndes
rne lo sont plus aujourd'hui, pour un moteur nouveau. Ness somines done oblig,,s do compli-
qtier le compresseur pour aboutir A un inteour de rncilleure qualitt.

La vraje qcestion est done do savoir jusau'A quel point ii Oct n6cessaire do compli-
quer ce nioteuf. La rdponse n'est pas simple, main surtout elle West pas unique. La seule
considdratien des ceurbes classiquos des puissances et consominations np6cifiques (figure
6) en fonction den paraindtres majeurs :taux do compression et T.E.T. (tempdraturoe entrde
turbines) cut tout A fait insuffisante. Leur soul intdr6t oat do inontrer que is T.E.T. dolt

suivrc l'augmentatien du taux do compression ; main il serait dangoroux d'utilisec lee

valours gui sentient optimales.

INFLUENCE DES TAUX BE COM'PRESSION ET' T.E.T.

&SUR LES PUISSANCES ET' CONSOT1PATIONS SPECIFIQUES

0.6 TURBOIOTEURS A TURBINE LIBRE

rd I

50 100 150 200 n5 300 3
PUISW1SALVCIF1 .E hIKWtK;S)

Figure 6

En otfet, notre probldme o~t bion do construire un moreur do puissance noininale don-

n-'e. or, Plus le Cycle est pou;S6, Plus los debits d'air, done los dimecnsions du moteur
aunt r6duitcs :d'oO lee portes Acerucz3 par 6coulonaentr socondaires venarit amplifier celles

dues aax faibles valeurs des ncmnbres do Rieynolds. Ceci ent~raine des d~gradati,)ns des ran-
demf-nts des coinpesanits venant A i'encent~re don b~nefices esccmpttn par lee amtlioraticons
des cycler. thermodynarniques. Coo effet est do promidre importance pour lei; machines do
fa~bles et rnuyennes puissances dent noun parlons et c'est ce qul los diffdroncio fondamen-
talement des grosses turboinachines do l'aviation civile ou inilitaire. Pour illuster con

offets, noun prondrons ]'exeinplo concrot d'un moteur 6e 600 kW au rtgi-me nominal et noun
comp~ararons les rtsultats do froms prnjnts complctz;cftecutu:s avec: dens cycles ot des ar-
c~lztocruro; de complexit,ýs croissantes.

TURRO--IOTLUPRS 11L U00 KW
flUFL nu;LuR nrOrtIu

TAUL 0( COflRESSION *8 11 14

TIMPERATURES WNRE TURBNINS M0 ) 1323 A 15

DEBITS L'AIR AliS 2.9 1 .331 2.32

O01flUL[ COflPRESSEUR E-, - h

IORflULI. TURBBNI S ~ ITCiTL IT1TL 2TC/2TL

fiHH OIDiSSAflNl TURBINES INON NON U

Fiaur'2
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La figure no 7 donne la description des cycles et composants do ces nioteurs. Lc ML
tour n' 2 diff-_re du premier prircipaloment par son compresseur et sa T.E.T. un peu plus
tlevtse. Par contle, le moteur n0 3 est nettement plus compliqu6 surtout dans la partie
d~tente :4 6tages de turbine dent 2 ont des pales refroidios.

La figure suivante (figure 8) met en relief los effcts des cycles 6t~udi6s, sur les
dimensions des composants les plus critiques ainsi quo les rondements qui on d~coulent.
Los performances globales sent. aussi indiqu~cs.

Le r~sultat le plus important est que la complication du moteur no 3 West pas jus-
tifiable au vu des r~sultats :gains do l'ordre do 1 % sculement, sur consommatiens et
puissances sp~cifiques pour un accroissoment sensible du nombro des composants rnajeurs
sans parler du refroidissementz des pales de turbine du gdn6rateur. Au contraire, l'ad-
jonction do doux 6tages axiaux au compressour centrifuge permet un gain de l'ordre do 10%
sur les perfeimances du moteur no 1, cotto configuration ost donc payante. Bien sar, le
cheix de la puissance nominale du inoteur est fondamental. Si au lieu de 600 kW neus avions
cheizi 1 400/1 500 kW il est fort probable quo le moetur n' 3 serait proche de la solution
optimale.

TURBO-lOITURS DE GOO VI /\
_____ IMOT[ UR MlOT[IUH M OTI Uli
__N' 1 No 2 N3

HAUTLI*( DL PALL S -- 1
SWFTII CfAMhIFLIGE (MI) . . .
HAMURt1 R PAUlS
TUMINLIP CAY&RATLL~i (Wi) 1.. 14' u.~9

IL8IT IJ'AIR] 1 -
PIIUJI POUR~ LA O)TTFPIfl (z) 1.5 4.

IFE2IJUNT POLYTT1OPIMS It) 1
*cwuzssEUR 83.9 83.9 8.
*TtJE[N GEMWRATEW ~ 83.9 826 i80.9
*TIU[t* BE PUJISSAWX 86.0 85 .6 86.1

ICONSOM~ATIM~S SPEC!FIIX*S (C,KIaui4 321 299 I29;

[PU1SSA,_FS 9PFCAFIW.F-S ,K6 10.211

Figure 8

De cette breve Lstude, nous conclurons gue pour un niveau. donn6 de la technologie
des comF~osants:

*l'optimum du taux de compression est. fortement. d~pendant de la puissance nominale du
moteu r

*cet optimum~ se r~percute directe~ment. et. de fagon importante sur le nombre des composants
et larchitecture du moteur.

Coxnpte-tenu des rernarques relatives aux ensembles tournants, L'adjonction d'u'e tur-
bine libre sur ce 94SD.&aLeui de 9ar c.uuiduit a u(IC conception de msoteur que 1;on peut com-

parer aux g~ndrations actuelles (figure 9).

Figure 9
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TE'CHNOLOCIE DE:S CONIPOSANTS

Pour chaque composant, ii est n6cessaire dlexaminer lea raisons du choix effectu6

pour r~aliaer le compromis architecture-cycle et surtout d'anaiyser las rdpercussions stirI
leur technologic propre et sur les problhmes soulevds par leur assemblage et leur inter-
d~pendancc au sein du motuur.

Chambre de combustion A flux invers6

Les raisons d'architecturo mnoteur ont d~tcrmin6 ce. choix, et lea problzhmcs ossentiels
suivants seront A ro~soudre.

Sous l'aspoct performances

- La recherche de bons rendement,y compris A has r6gime, se fera par one dtude de l'adro-

dynamique de la zone primaire de combustion, la perte do charge demeurant. cependant plus

6lev~e quo dan* one chambre A injection centrifuge.

- La pollution m~me r.'ec l'utilisation de cannes A prdvaporisation rosters aussi lc~gdrement
sup6rieure aux r~sultats d'une chambre conventionnelle TURBOMECA.

Sur le plan mfcanique:

- 11 est n6cessaire d'obtenir one homog6ndit6 circonffrentiollc, et un profil radial de
ternp~raturos acceptables. Notons quo cc dernier pr~sentera un profil "bomb6' plus at-
centu6 A cause de l'augmentation do ddbit d'air de refroidissemnent des parois. La chambro
a flux invcrsO prdsente en effet, Ai mt-no charge a~rodynamique et dent A volume iden-
tique, plus de surface 5 rcfroidir quo le mod~le clasaiqi3e TURBOMECA.

- Cependant, cette rdalisation si cule nfcessite des syst~rmes d'injection 1 prossion pluEý.
rflevde quo ceox requis pour l'injection centrifuge permet- de s'affranchir des probl~mes
do tenue mtcaniquo qui peuvent Ztre rencontr~s sur les roues d'injection.

CHAME4F PE Co IBUSTION
CEAMBRE DE CCýIKIJSTION A FLUX INVERSE: A INJECTION CFNIRIFUCL

Figure 10 Figure 11

Turbine haute pression

_c olto mofoiutidyc Aa la uite do ret,-oiýfissement a ýt6 retenue pour satisfaire
le coinpromis co~t-performance. Ce choix eat possED e A condition d'augmeniter ls charge
a~rodynamiqiue cc qui aura pour cons(-qoonce do dai.. nuer is tenpc~rature tot-ale relative A
l'entr~e de is roue mobile. Etnc d6tente au moyen u2 2 6tsgos no rtaiisere pas cette con-
dition et pour one m~me T.E.T. le ler 6tage sera ;ii,,cessair,Žrnient refrcidi.

Ce choix pernict donc u'6viter le refroidissemnen- et les probIL~mes gui lul sent asso-
ci6s dams le cas do petites turbomachines:

- pert-es a6rodynamiques (r~injection d'air) et thermodynarn'ques (prdJA~vement d'air de re-
froidissement)

- difficolt(ý de r~salisation aes circuits de refroidissemunt dams des pales de faible di-
mension, d'oO one augmentation des coflts.

11 est done judicieux do navoir A traiter co&: problt."- quo sot on seol e~tage bora
doun d~veloppen'ent gui viserait A augmenter la puissance sT t iqoe de cc meteor. Cela ne
sera possible quo si le niveso do tomip6rativro choisi compon-, largemnent lea chutes do
rendement associ~es A lintrodoction do refroidissement.

Dana le choix do base effoctu6, 'nonottage non refroidi', les problhmes suivants dol-
vent tAtre maitrisds

A~rodynarnigoe:

-Assurer des d6viationa fluides importantes tout en lainimisant les Mach dl'6oulements
loeaux afin d'&viter tout d~collement pr~matur6 de is couche limite.
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- P~duire les pertes par jou en sommot- de pale ;la faiblo hautour do cos derni~tros er, ac-
cenflie l'importanco (a uno augmentation do 1 % du jou relatif correspond une chuite do
rendemerat do 1'ordru- do 1,5 point). Lo rofroldissement des envelopnes do turbine est
dune indispensable et des barriaros theriniques peevent luf ttre as acids's Mfin do con-
tr~ler un jou minimum dans toutos les conditions de fonctionnement.

- tine 6ventuelle girarion r~siduello do 1'Ocoulement en sortie do turbine et son ampli-
fication poseible dans lo canal. inter-turbines duit C-tre acceptde au niveau des bras
supports du palior arridre.

Notons quo Iladoption d 'un systImie d'arbres contrarotatits permot d' util iaer cetto
giration pouc dirninuer is ohas:go adrodynamignoo du distributour do turbine litre.

Mtcaniqile

L'augmenl-ation doeý vitessos pfripht-riquus et la ntcoessit,6 do conserver on troii central
ont pour cons(fquer.rr, d'augmentor ins cnntraintes,danis le disgue do turbine, on piedJ do pa-
les, et lea presaionsý spdcifiqut-r aur lea brochagos. Des compromis entre hauteur d'aubo,
longucur do corde, nnmbrtŽ d'subes permettent d'aboutir A un dimensionnement cenvenable.

Lea rtiolisations de turbines "monobloc" couldes, aur des moteurs type APPIEL sent
remplacde-s par des constructions disquos forgds, pales couldos en cijoisissant un matidriau
propre A chaquie fonction

- cisques tonue la fatigue oligooycliquo au moyeu et fatigue thermique a )a janto

-pales fluago et corrosion haute5 temp~ratures.

IAM

Figure 12

Neus evens montr6 qu'un soul 6tage centrifuge 6tait on gdndral insuffisant. pour as-
surer lionsemble do la compression. Pour compldtor cetto dernidro, dccx configurations
aunt. possiblos, soit adjeindre des 6tages axisux, soit utilisoLr un eutro Cdtago centrifuge.

Cette douxifmo solution conduit A en doasin compliqu6 et no pout se justifier quo
pour un tauhc do proasion global tlo"6 (15 a 16). Dans cos conditions, ii faudra 2 Ctages
do turbine pour ddtendro los gas et des T.E.T. Ciotfos n~cessitant le refroidissemont
do la partie haute tomp~rature, des turbines. 01' Veil, done quo cc choix ne pout Ctre re-
tenu quo pour des motours do puissance relativoment 6lovfo, en g,,ntral ac-dela do 1 500 MW

L'autro solu.tion, l'adjenction ddttagos axiaux, ost. done. cello qa'il nous fact adop-
ter :rsais 11ý encore on chorchant 3 en minimiser le nozebre. on eat done conduit A utiliser
des Cltages transsoniques forternent chargras. Enfin, poiur des raizuxis 6vidontos do compacit6
do l'ensemblo on sceffercera de couplor diroctemoent l'axial au centrifuge sans col do cygno

interriddiaire.

La configuration de bane, mrainteniant bien Uttinie, oxaniinons pour chaque organo los
probidnoc tcchnologiqueý_s A sait~riser.
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Sur le plan o(5zodynamiquo, I 'adoption dos grandes vi tossos phdriplitriquos et des taux

do compression ý,1ev6s gui eni d6coulemont impliguent pour obtonit do buons rendoments

I 'Llitilisation dce concep~ts ) degrt do relaetion 6],evC'

laI connaissanee pr~cisc des caraetCristiquus do l'(cooloment Iluido-vit~ssos, prorssiens,
tuoilijptitures- en Lout point des rotors et. diffuseorsý ot ccci pour des r(-gimes mixtos
5ubsonii Iuos - suporsoniqocs.

Los nouveaux codes doC calcul (lispeniblos ainsi quo les exp6rimentations intensives
soti banos separCIs ont abouti A one vfritabio mutation des tormos en ce dumaine. Los fi-
gorcs 13 ot 14 le montront. clairemont.

Figure 13 Figure 14

Sur lo plan m~caniquo, los prebbhmos ne sent pas inoindres

*Vitesses ptriphdriques auqment~es par rapport A J'ancienno g~ni~ration.

*Tenpdrotoros plus rlevdes dues 3 la forto compression globale.

*Trou central important n~cessaire au passage des aibres.

LA encore lee m6fhncles moderncs doc cal cul !es structureq Pt I 'utilization des imeilleors
mrat,5iaux disponibics persectent. d'aboutir A on dimensionnemont capable d'assurer en uti-
lisation uno. longdvit6 et one fiabilitý, satisfaisantes.

COMPIRISsl~uR AX IAL.

Le couplage serrA, does comprosseurs axiaux ao ccntrifugo, diminue n~cossairement la
vitesso pfriphtriqoc des derniers 6tages axiaux or rend ainsi plus difficile l'obtentien
des taux de compression onitoires 6lovfs. Par ailloors, le passage des arbres sous lo
comnpresseur axial a letter contraire d'augmontor excossivemnont les diam~tres de ia
veine d'air ot par vole do cons~qoenco lea nombros do Mach rolatits stir lee mobiles: d'oOl
des diffieoit~s accrues pour assurer do hens rondements.

Figure 15



* * -. .*7-1.

Fnin pour am6liorer lee performances en rtgimo partial or ebtenir un maniemant cor-
rcdumoteur, Ces cozeprosseurs A forts taux de compression glebale doivant avoir one

certinefleibiit6 Lasolution A 3 arbros cuncentriques nous parail trop cemplaxe done
trop ch~re pour Atre retenue, au momns pour notre gamme do puissances ; nous lui pr6fifrerons
done l'utilisation de grilles distributrices A) calage variable.

Turbine de puissance

One construction mono~tage pout LOtre g~n~ralement adopttle pour des motours de puis-
sance inf~rieure A 700 kW, Mais cola West pas une rbglo. En fait, le cheix du nombre
d'6tages de turbine libre ddpend A is fois, du canal inter turbines (forme - pertos), do
is vitesse de rotation, du rendemont attendo. Ces param~tres soot bion sOr interd~pendants.
Enfin, la x'itassa de rotation est souvent on compromis r6alist ontro las performances et
los axigonces do lPinstallation sur h6iicopt~ro prise direete ou sortie au travars d'un
r6ducteur int6gr6 so meteor.

Arbres et rotors:

L'arbre de puissance concentrique so rotor du g6ntrateur do gaz a des vitessos cri-
tiques dispos~es en dehors des r6gimas do fonctionnersent do is turbine libro. Pour cola,
ii faut connaitra parfaitemont les regimes do survitossos (d~rives do r~gulation, etc...)
rencontrts sur h6licopto~re en utilisation.

Daux types de solutions sont envisscjesbles

- One solution 'sous-critique" (ire vitesse critique d'arbre >- vitesso de fonctionnoxoent)
n6cessite un couple diam,6tro-lonquaur d'arbre toujours difficile A r6slisor pour on zoo-
teor de is taille onvisagfe. Ce choix peut conduiro a ls r6alisation doun palior inter-
srbres (solution technique plus on~rouse et ddlicate dans la cas d'srbros contrarotstifs).

- Line solution 'surcritique' (Ire vitosse critique d'arbre < v-tasse de fonctionnosient) gui
impose on rdgime de rotation situ6 ontre is Jre et ia 2c vitesse critique d'arbre sync
des merges de fonctionoement suffisantes.

Dans co css, afin de minimiser les d~termations do l'arbre lors du frc'nchisuomenent do is
Ire vitasso critique, on is placers suý un rC~gimoh do fonctionnemont rolativument bas.
Cola act possible en travaillano sor is sooplesso des paliors, 1&quilibrago et is gte-
mttria des arboes.

Paliers

Avec des vitosses 6ilevfes at is rtalisstiun de lsarbre travorsant, las roolonfionts so.-t

sounds A des conditions do fonctionnertiint plus critiques;

-Nx Dm - (vitesse x dismttro moyeo)- plus 6lev~s (Figure 16)

-ambiances do temptratoros plus sfvi~ros sur le palier arribre.

500 _____ - _____ APAC)TE OE CHARGE AXIALE

DES ROULEMENTS HAUTE VIIESSE
0 A MEM OU1REE DIE VIE (0000H)

-40

MUiEN

03 MM

VITESSE'. DIAMETRE MOYEN N.NDM. il/Mi,'M1x10 6

JArnsi, cur los paliors du g6nrratcur oe gar, I'auynntentaton do force co-ntrafugo sur
ler, 6] Cments roolants est a~sccr t A 11ot puuss(t o axiale gdndrzalomont (bytve. 11 en r~toolto
,in aecroissement do charge cur los bagucs exttrieuros accuimpagotý d'tchiauffen'cnts zur les

bagues inttrieures

Poor obtenir lee durtc~s Lie v ic clrma,rri'es[

los mattriaux "ocier rapide'" doivent ýLttr adupits pour leo pastes ct les. tl'1meuits iou-

lants
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- la lubrification do la bacine inttireure eat particuli~rement 6tudide

- le comportewent do la cage est anaiysd af in do permettre des fonctionnemonts. lore des
r~ductiorw ou des absences momentandes de lubrificatic~n,

* Los garnitures m~caniques conventionnelles (joints type Sealol) ne supportant pas
des vitessos aup6rioures A 70 n/a, les 4tanch~it~s de paliera doivent etro A labyrinthos.
L',ncombrement radial est plus faible et uls ne n~cessit it aucune servitude (absence do
iubrificationi. Lee consommatiorns d'air sont minimis~es 1.ar la diminution des joux rdali-

* sie par la nise en place do nouveaux mat~riaux abradablos. Cos rovetements d~veloppt's
pour des tenpg-a',uroa pouvant cd5paassr 800 0C soot aussi appliquds sur lea ttanchtit6a
inter 6tage:. de conpreasour et de turbine at in d'axndliorer los performances de l'ensenmblo.

*CONCLUSIONS

Au cours do notxe 6tudo, ii eat apparu fondanental, lors do la conception do nou-
veaux moteurs dh~lieopt~eres, do traitor aimultanement lea probIL~mes do cycles thermody-
naniigues,do nombre de composants et d'architecturo motour.

On rdeultat no pout i~tre attoint quo par lo dEveloppement parfois difficile do corn-
rosants A hautes performances a'int~grant parfaitement dens l'architocture pr,6alablenont
dtfinie. Ces conpromtis pormottront do rt~aliaor des solutions awztrayantes au point de vue
prix, consemmation, fiabilit4.

En outre, l'interd6ponidanco q~troito do lAarchitecture du moteur et do la tochnologie
des, coxuposants, implique uno coopdration active ot simultan~e des 4quipes do travail par-
ticipant a is conception et A l'&tude do touto machine nouvelle.

Plut~t quo lee conclusions auxquelles nous somxnes parvenus cur tel projet do nioteur
bien p~articulier, conclusions toujoura fragiles car d6pendamt des progr~s techniques ot
des donn~os Ccononiques du moment, on retiendra surtout la ir6thodologio do conception
adoptfo.

Co n'ostgu'enla rospectant fid~lement, tel eat du momns notro avis, qluo Von pourra
moner a bien ia rdoiisation d'un nouveau produit techniquomont r~ussi.

DISCUSSION

DJ-Iennecke, Ge
In Figure 10 you show a reverse flow comnbustor with an injection system that appears to be an air blast vaporizer.
Could you comment on your experience with this kind of system and whether or not it has advantages over the
vaporiza tion s)ystern?

Author's Reply
This partic.ular figure is only schematic. From our experience, we have concluded that the vaporization system is the
best and that air assist is not necessatry for these small power applications.
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SUMMARY

Future develepments of advanced helicopter engines are projecteL from an aero-thermodynamic view-
point. Cycles for engines aiming at lower specific fuel consumption, improved power lapse rates, and im-
plementation of contingency ratings are discussed. These cycles include nonregenerative and regenerative
cycles. Design trends are presented for the major engine aerodynamic components.

1. INTRODUCTION

Gas turbine engines entered the helicopter propulsion arena in the 1950's because of their very
attractive power-to-imight ratio, The helicopter's load-limiting characteristics were overcome by a sub-
stantial increase in specific power resulting from the low w±ig'it of the turbine engine. In addition, the
tcchnology of the turbine engine had become sufficiently advanced with respect to cycle temperature,
cycle pressure ratio, and component efficiencies to offer an attractive fuel consumption. With the intro-

duction of the light gas turbinc engine, the industry had two basic options. The first was to maintain
the same basic system performance with a lighter and, therefore, less expensive aircraft. The second
option improved system performance through the increase in vehicle specific power. Industry chose the
latter. The success of thi!. decision can be seen in the rapidly expanding civil, as well as military,
helicopter fleets. By 1973, approximately 70 percent of the over 10,000 helicopters in service were
P...... by i .... tul-iiE 1ni,. iL h-a bee, ebsimsLed that by 1990 the western wrid will have over U
23,000 military helicopters. During this same period, it has been projected that the civilian fleet will
more than double to 26,000, thus passing the military.

This projected growth in the world helicopter marketplace has created a demand for new advanced,
small engines. In this paper, we will review historical engine trends, discuss engine cycle considera-
tions, and assess the current areas of engine component Research and Development (R&D) activity aimed at
the new helicopter engines of tne future.

2. HISTORICAL ENGINE TRENDS

The key features used in the first gas turbine engines (T53 and T55) specifically designed for
helicopters in the 1950's are a combined axial-radiel compressor and a free-powei turbine with a front
drie. These features adopted by most helicopter engine manufacturers art expected to be used in the next
generation of engines ranging between 800 and 4000 horsepower. In the design of the early helicopter en-
gines, ;n optimum balance was emrhasized between compactness, performance, life; mniitAesabirity, nnA
cost of ownership. SubsLantial improvements in all these a-eas were achieved by a steady evolution pro-
cess iflustrated in Figs. 1 and 2 which trace the history of the T53 and T55 helicopter engines over a
period of 20 years in terms of specific fuel consumption and specific power. The output power of these
engines was increased by a factor of two or more whilu specific fuel consumption was reduced by one
third. Much of this improvement came as a result of increased cycle temperature, cycle pressure ratio,
and better component efficiencies. Substantial increases in cycle temperature were accomplished by using
a combination of improved materials and introducing cooling techniques applicable to small engines. The
introduction of transonic axis' compressor stages alloored the cycle pressure ratio and air flow ratsS to
increase with minimum engine modifications.

During the 1950's, engine development was focused on weight and performance. The 1970'a saw in-
cr.!ased emphasis on the trade-offs between weight, performance, cost, and reliabiliry. As a result,
ý.seines became simpler with improved reliability and efficiency. Fig. 3 illustrates these gains in sim-
plicity and performance by comparing the original T53 engine with the newer iTS 101. Engine simplicity
was achieved with significant performance improvements. The beginning of the evolutionary development

phase of the LTS 101 is also shown. As can be autn on Figs. I and 2, this engine achieved these perform-
ance gains through higher cycle pressure ratios and incrnascd turbine inlet temperature.

As we entered the 1980's, the ir,(dustry became more sophisticated in the evaluation of engine pro-
gress. The concept of life-cycle cost gaired widespread recognition, and all aspects of engine costs such
as design, development, ful] usage, acquisition, and their :Impact on the helicopter life-cycle cost are
now considered. Nait.tenence concepts such as modular construction have been designed into the engines.
'erformance projections for these newer, advanced-technology engines are also shown in Figs. 1 and 2.
Continued progress under these grouvd rules, illstisated in Fig. 4, demonstrates the gains achieved by
Lycoming's Advanced Technology Demenstrator Engine, which was sponsored by the U.S. Army. This engine,
currently ceuder dtv-lopnent, was designed with life-cycle coast ground rules and, as such, rectognizea the
majc." impact ol rapidly rising fuel prices.

A
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In spite of the dramatic progress made in helicopter engine designs to date, it is anticipated that
significant advances in performance will he achieved by engines of the future. This advancement will show
up primarily in reduced fuel consumption and engine weight. The combination of these two effects will
result in major increases in payload capability or range.

3. CYCLE CONSIDERATIONS

Mission utilization strongly affects the philosophy of engine design. Military and commercial ap-
plications that require longer missions and greater utilization need a more sophisticated engine having
low fuel consumption and requiring less maintenance to achieve low life-cycle cost. Low acquisition cost
is a stronger factor in the life cycle 'oat for aircraft having low utilization as in some general avia-
tion applications.

3.1 Part-Power Fuel Consumption - Noiregenerative Cycle

Mechanical considerations determine the maximum allowable cycle temperature. For each level of
cycle temperature, there exists a cyc'e pressure ratio that produces the minimum specific fuel consump-
tion, as shown in Fig. 5, where specific fuel consump, o: (err) sad specific power are shown to vary as a
function of pressure ratio with te!mp trature as a pa am; I The optimum cycle pressure ratio that pro-
duces minimum fuel consumption increases wit i cycle tempc.'ature and component efficiency index.

There have been steady improvements ic, turbine cooling technology and high-temperature materials
applicable to small engines. As a result, there has been a gradual increase in the allowable cycle tem-
perature. Since compressors can achieve higher stage pressure ratios, there is an incentive to attain
higher pressure ratio cycles with a reduction in the number of stages.

Two part-load lines shown in Fig. 5, indicate how the performance would vary if a constant component
efficiency index (down to 60 percent part-power) could be achieved. By selecting a cycle with a pressure
ra'io of 20 and temperature of 28000R compared with a cycle having a pressure ratjo of 14 and a tem-
perature of 26000R, a sever-percent reduction in SFC at maximum power could be obtained. However, at
60-percent part power, the improvement in SFC is increased to 11 percent with the more advanced cycle.
This improvement indicates that even though fuel consumption benefits are achieved at maximum power with
advanced cycles even larger benefits result at part power where the greater portion of operation occurs.

3.2 Power Lapse Rate

A prime sizing condition for twin-engine helicoptirs is based on the "One Engine Inoperative" flight
condition at 4000 feet altitude on a 5550R day. It then is beneficial to select cycle perameters that
minimize the lapse in power caused by high ambient temperatures. The variation in power output of typical
engine cycles was studied as the ambient temperature varied from 5190 to 555°R- The re.at",cc influ-
cnce of design parameters, such as cycle pressure ratio, turbine iiulet temperature, and component effi-
ciency index were included.

At high ambient temperatures, the specific power output from the power turbine is reduced as a re-

sult of the lower pressure ratio available. Fig. 6 shows specific power loss as a function of cycle pres-
sure ratio and turbine inlet temperature for two component polytropic efficiency levels. For polytropic
efficiencies of 0.8 and a turbine inlet temperature of 22500R, the specific power loss resulting from
hot-day operation increases from 11 to 23 percent as the cycle pressure ratio is increased from 8 to 20.
At higher cycle temperatures, the specific power loss becomes less dependent upon cycle pressure ratio.
At higher component efficiency indexes, this loss almost becomes constant.

In Fig. 7, the upper curve shows the reduction in airflow rate as a function of cycle pressure
ratio when the ambient temperature increases from 5190 to 5550R. The reduction in airflow is shown to
be lower at low-pressure ratios than at high-pressure ratios. The loss in airflow increases 40 percent as
the cycle pressure ratio varies from 5 to 20. The reduction of specific power (A shp/Wa) is again shown

.. f thE Cycle wLeCWULU raeiu with the turbine inlet temperature as a parameter but for a
polytropic efficiency index of 0.86. Generally, the loss in specific power decreases substantially with
increased turbine inlet temperature. The total power loss is a combination of the airflow loss and the
specific power loss. This combination increases with pressure ratio for a constant turbine inlet tempera-
ture. As previously shown, the simultaneous increase of cycle temperature with pressure ratio improves
the specific fuel consumption. This simultaneous increase in cycle temperature with pressure ratio also
minimizes the lapse in power due to hot-day operation as indicated by "Line A" in Fig. 7.

3.3 Contingency Ratings

Tie rapid gain in popularity of twin-engine helicopters has created a new demand on the engine de-
signer to provide safe operation when one engine is inoperative (06). In this paper, we will restrict

ourselves to the impact of this requirement on the selection and design of engine components. The problem
is the airframe manufacturer's natural desire for a large amount of contingency power (as much as 50%)
with few, if any, "use restrictions" and with no special iaintenance actions required. Taken at face
value, this means the engine must be significantly larger juch an engine, however, would penalize the
helicopter by being heavier, larger, more costly, and lea [del-efficient for a given mission.

The commonly accepted method of obtaining contingency power is to merely advance the throttle. This
results in higher turbine inlet temperature and higher speed. Power increases of 10 to 20 percent can
normally be achieved in this manner. But, consideration of even higher ratings eventually runs in'.o
fundamental limitations based on engine component sizing. These limitations are primarily concentrated on
two components. The first component considered is the compressor. All compressors reach an operating con-

dition called "choked-flow" where the engine airflow no longer increases in proportion to speed changes.
Eventually, an absolute referred airflow limit is reached; this is caused by the choking of the front
stlages of the compressor. When this condition is reached, no further power increase can be obtained by
airflow, and the compressor stages become mismatched, thus causing a drop in the surge line. At the same

I
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tote, the compressor efficiency decreases rapidly and causes the engine operating line on the compressor
map to turn upward. Both effects then combine to continually decrease engine transient surge margin until
steady-state surge is encountered.

An additional consideration involves the basic differences in the matching of turboprop and turbo-
shaft helicopter engine components. In the turboprop, the engine sizing criterion is altitude climb and
cru~se where low ambient temperatures are encountered. The turhosbaft helicopter engine, however, is nor-
mally much more concerned about hot-day lift capability and part-load efficiency under relatively low-
altitude cruise conditions. Because of compressor referred-speed characteristics, an optimum helicopter
turboahaft engine should be matched at a higher compressor referred speed at takeoff conditions than a
turboprop engine; this reduces the maximum increase in airflow obtainable for a turboshaft engine before
the compressor chokes. Consequently, an engine matched for maximum hot-day power capability will have a
smaller increment of contingency power available than a turboprop engine.

The power turbine also plays a role in that a large power excursion for OEI use forces the turbine
to operate at highter exit Mach numbers. This condition reduces the component's efficiency until it also
reaches a choked condition. In addition, the power turbine must operate at a constant rpm because of the
helicopter's rotor acceleration limitations. Operating at constant rpm results in increaseW exit swirl
leaving the power turbine with a further reduction in potential power output. There are also mechanical
problems associated with the higher gas producer rotor speeds and temperatures caused by advancing the
throttle. These fundamental limitations can be overcome with proper design, but at the expense of having
larger components.

From the standpoint of fuel consumption, it is also desirable not to just make a larger engine. As
seen in Fig. 8, an engine that is oversized to cover the contingency requirements will suffer a five-to-
ten percent penalty in specific Luel consumption under typical cruise power requirements. This is because
the engine is effectively operating at a lower percentage of a design power. Based upon this effect, it
is desirable to limit the amount and usage of contingency power so that this penalty is minimized.

Considering the above factors, trade-off studies should be conducted to establish the amount of
contingency power required and to determine its impact on the helicopter system prior to final engine
sizing. The desire to have 50-percent additional power available under an OEI condition does not appear
to be practical when considering a "push the throttle" approach. Controlled usage of lO-to-20 percent
additional power would be more realistic. Unfortunately, this does not entirely solve the problem since
any contingency power margin designed into the engine will tend to be reduced as additional power is
required during the inevitable growth cf the system. A continuing program to develop future contingency
ratings as the engine grows must be maintained after a system enters production.

3.4 Regenerative Cycles

In the past, regenerators have receieA recognition as tS their theoretical potentinl for signifi-
cantly reducing the fuel consumpticir of a gas turbine engine. Put in recent years, they have progressed
to a point where a more realistic appraisal can be made of their potential benefit in helicopter applica-
tions. Experimental regenerative engines have been tested in various vehicles and have even been flown
experimentally in a helicopter. The U.S. Army's Abram tank now in production is using a regenerative en-
gine. Studies were recently sponsored by the U.S. Army at Fort Eustis, Vs., to investigate the potential
of using such engines on helicopters in the future. A summary of regenerator design and performance char-
acteristics will be discussed in the Component Section of this paper. This discussion of regenerators
will focus on identifying various approaches to their possible use on modern helicopters.

The basic problems involved with the use of regenerators on helicopters are weight and size. Al-
though reductions in specific fuel consumption of twenty percent or more are readily achievable with
today's heat exchanger technology, the weight impact of such units severely penalizes the performance of
the weight-sensitive helicopter. Performance benefits of the aircraft system depend on a trade-off be-
tween the weight of the fuel saved and the increase in aircraft weight caused by the weight of the regen-
erator. In general, longer missions make the use of a regenerator more attractivp. Sverno appr.acel

thst hive the potential iv reduce this weight penalty are discussed below.

The performance (effectiveness) of a regenerator is largely a function of its heat-transfer surface
area, which in turn establishes its weight. Unfortunately, the physics of the heat-transfer process makes
the relationship between effectiveness and weight nonlinear (see Fig. 9). One potential method to reduce
the weight penalty is to size the unit for cruise conditions; this gives the benefit of part-load fuel
savings at significantly reduced weight. A necessary addition, however, would be the use of a gas-side
bypass valve at high power to reduce the pressure loss and back pressure on the power turbine at high
flow ratesv Other approaches include the use of one regenerative engine on a twin-engine helicopter.
Cruise power could be taken from the regenerated engine while the other engine is either shut down or
operated at a low idle setting.

Additional fuel savings can be realized in a regenerated engine by using a variable-area power tur-
bine. This device shifts the ooint of minimum fuel consumption to the desired part-power operating condi-
tion. A typical operating line, shown dotted on a regenerative cycle plot (Fig. 10) indicates how the
fuel consumption varies at part-power operation. The specific fuel consumption and specific power are
shown versus cycle pressure ratio with cycle temperature as a parameter for a constant component effi-
ciency index. "A" denotes the cycle pressure ratio and temperature at maximum power. Closing the power
turbine stator while maintaining a constant turbine inlet temperature causes the pressure ratio across
the gas producer turbine to decrease. This action results in a reduction in the work output from the gas
producer turbine, thereby requiring the compressor to decrease in speed, flow, and pressure ratio. The
lower flow results in decreased power even though the turbine inlet temperature is maintained (line A-B).
Point "B" denotes the optimum cycle at which a further reduction in power is obtained by lowering the
cycle temperature (line D-c). In this manner, a nearly constant specific fuel consumption is achieved
down to part-power where a greater portion of cruise operation occurs.
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4. AERODYNAMIC COMPONENTS

Component research and development acLivities are continuing to enable the advanced cycles to be
achieved. -is section discusses current approaches to obtain improved components for future helicopter
powerplants. The discussion is limited to the prime aerodynamic components including compressors, com-
bustors, turbines, and regenerators.

4.1 Compressors

Substantial advances have been made in compressor technology over the past ten-to-fifteen years.
While peak efficiencies have not increased significantly, these efficiency levels have been extended to
increasingly higher cycle pressure ratios. Much progress has been accomplished in the analytical tech-
niqoues applied to compressor design and development. Highly transonic and fully supersonic stages have
been ceveloped to the level of performance necessary for use in advanced engines. Figure 11 shows the
measured performance map of a small single-stage axial compressor, designed for a five-pound per second
airflow, operating at a stage-pressure ratio of 2;1. The single compressor stage shows excellent charac-
teristics with the peak efficiency contours located well away from the surge line. This stage has been
successfully coupled with a fully supersonic second stage to produce an overall pressure ratio of approxi-
mately 3.5:1. Earlier technology woild have required five or six stages to accomplish the same pressure
rise.

Major development efforts have been directed toward the centrifugal compressor. Improved theoretical
modeling of this unit has increased its range of useful pressure ratios. Analytical techniques from tran-
sonic axial states have been applied to the design of the impeller's inducer section. Improved structural
analysis has allowed higher tip speeds. In addition, the use of leanback on the impeller vanes has im-
proved diffuser performance by reducing the entering Mach number. Figure 12 shows a typical selection of
modern centrifugal impellers. Pressure raLios have risen from the 3:1 range to the level of 10:1 with ex-
perimental programs directed toward 15:1. As a result, the compressor section of a typical high-pressure
ratio advanced helicopter engine may consist of one or two axial stages, plus a high-pressure ratio cen-
trifugal stage, as opposed to the 10-to-14 axial stages used in older engines.

Improved operating range (surge margin) has been achieved through the use of long chord blades in
the front stages of axial compressors. Rotor tip treatment has also proven useful in increasing surge
margin in a simple, reliable manner.

As a result, it can be expected that improvements in engine performance will continue due to the
higher cycle pressure ratios available to small engines. Even though the complexity of the compressor has
been reduced dramatically, excellent levels of efficiency have been maintained.

The modern gas turbine combustor, faced with a rapidly changing environment, has had to adjust to
higher cycle pressure ratios and temperature levels. Higher air temperature leaving the compressor has
made cooling of the liner more difficult. In addition, the combustor designer faces the problem of ex-
haust emissions that are coupled with the demand to operate with a wider range of new types of fuel. The
necessary solutions are particularly demanding with the small combustors typical of helicopter power-
plants.

New combustor design and development procedures are enabling these challenges to be met success-
fully. Great effort is being devoted to the development of accurate analytical models of combustion sys-
tems. overall design approaches, using one-, two-, and even three-dimensional representations, are being
developed and used. Interactive design methods have been started. More detailed representations developed
for specific purposes are also making steady progress. Fuel-spray modeling has yielded performance bene-
fits and has been successfully coupled with experimental techniques to verify its accuracy. Liner-wall
analysis techniques are particularly useful in the develnpmenr nf long-life combustoer because of tho

high-temperature cooling air and the higher combustor exit temperatures of advanced engines. Characteris-
tic time-modeling procedures have yielded benefits in reducing exhaust emissions. Fundamental modeling of
the chemical processes is being accomplished by using zone combustion models that analyze various steps
involving droplet evaporation, mixing, and the chemical reaction. The successful application of these
mithods of analysis are yielding good solutions using simpler hardware.

An example of the successful application of these analyses is in the area of exhaust emissions. The
basic problem involves achieving a satisfactory trade-off between the high-power region where smoke and
the oxides of nitrogen (NOx) predominate and low power where carbon monoxide (CO) and unburned hydro-
carbons (UNH) manifest themselves. From a combustor design viewpoint, this requirement presents conflict-
ing demands for high- and low-power operation.

The solution in large engines was to develop staged combustion systems where literally a small com-
bustor is used in the low-power regime and an adjacent, larger one used at high-power levels. The size,
cost, and complexity of such approaches were undesirable for small engines. Figure 13 depicts an annular

combusLor designed for small helicopter engines. This circumferentially stirred combustor admits primary
combustion air through slots in the liner header to produce a flow vortex about a circumferential mean
line. Folding air jets enter through the inner wall to reinforce this primary zone recirculation pattern
which is then forced to turn axially on either side of these folding jets to create a pattern in the
shape of a horseshoe. A single fuel injector supplies both legs of tie horseshoe pattern, thus reducing
by a factor of two the number of fuel injectors required. This concept introduced a major cost benefit
and also resulted in doubling the size of the small fuel nozzle passages. Testing of this concept veri-
fied a reduced NO, production at high power levels where NOx is most critical. As a result, combustor
modifications could then be made to reduce CO and unburned hydrocarbons (UNH) at idle. The tested results
for a baseline combustor and a low emissions version of the same design are shown in Fig. 14 and compared
with the now abandoned United States EPA standards of 1973 for an equivalent turboprop version of a small
helicopter engine.
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Continued development of advanced combustor modeling technique will lead to similar improvements in
combustor life, exit temperature distribution, and the ability to handle a wide range of fuels.

4.3 Turbines

The design of a modern high-temperature turbine requires the integration of several technologies

that include aerodynamics, heat transfer, and materials.

All of these technologies play an important roll in producing a design that is efficient and poE-
sesses good mechanical integrity. The trend in turbine design is towards higher temperature and higher
work extraction per stage; this not only reduces the number of stages but also reduces the gas temperature
entering the next stage. As a result, cooling air requirements are also reduced. This higher work extrac-
tion, however, requires increased rotational speeds that result in higher stress levels.

Size effects are critical to highly efficient, small turbines. Figure 15 illustrates the small size
of the gas producer turbine for an advanced 800-horsepower engine. Dimensional effects, such as toler-
ances, clearances, surface finish, leading and trailing edge thicknesses, and casting wall thickness,
cannot be scaled down. Therefore, these effects influence small turbine losses to a much greater extent
than large turbines. Since blade chords are not scalable, aspect ratios become smaller, thereby resulting
in larger secondary losses. Cooling airflow requirements are larger because of disproportionately higher
wetted turbine surface area. This additional cooling flow not only creates more losses in the turbine but
is detrimental to the cycle. The challenge then is to minimize these effects with proper design. Some
turbine design features, which are presently being pursued, are discussed below:

The gas generator turbine for the LTS 101 turboshaft engine is an example of a good aerodynamic
design for its size class (5 lbm/sec) as reflected by the tested performance map shown in Fig. 16. Care-
ful control of the surface velocities on the blades and vanes has contributed substantially to the high
efficiency. In addition, tip leakage losses have been minimized by designing for a cylindrical tip dia-
meter and moderate tip reactions.

Blade tip clearances strongly affect the end-wall losses and are magnified in small turbines. Spe-
cial attention was given to cooling the cylinder surrounding the high-temperature gas producer turbine so
as to minimize the "out of round" distortion to insure control of the tip clearance and leakage and to
extend its life. Figure 17 shows the design of a typical cooled gas-producer turbine cylinder with clear-
ance control. Cooling air is channeled to the front of the cylinder where it enters a labyrinth of five
passagce. The passages, which are interconnected, allow air to flow circumferenrially as it passes from
one passage to another towards the back of the cylinder where it reenters the main gas stream. The purpose
of the clearance control is to safely maintain tight clearances during various operating conditions, i.e.,

takeoff, cruise, acceleration, and deceleration. This clearance control results in a reduction of the
end-wall losses with a gain of several percent in turbine efficiency.

The cooling air network for a gas producer Lurbine is shown in Fig. 18. Note that the beat shield
has a dual purpose: first, it insulates the turbine cooling air as it passes along the combustor liner;
and secondly, it allows some cooling air to pass between the shield and liner to provide convective and
film cooling to the liner.

The cooling air preswirl nozzles (shown in Fig. 18) are used to extract energy from the high-pres-
sure cooling air, thus reducing its pressure and temperature before it enters the gas producer rotor. The
lower temperature benefits cooling of the turbine disk and blades.

An approach to the design of a high-temperature rotor blade is depicted in Fig. 19. Cooling air
enters the center of the blade and is allowed to impinge on the external skin through side holes. This
approach results in high heat transfer coefficients and effective cooling. The air then passes through
film cooling holes to provide a protective film surrounding the blade.

New blade materials and casting processes are constantly being explored. Blades are being manrfac-
turcd by dire~tinally buiidifying biaae material to produce a columnar grain structure that improves its

stress-rupture strength characteristics. Single crystal blades are also being produced for increased
strength by eliminating the grain boundaries. Directionally solidified blades permit a 35°F highr- tem-
perature, whereas single crystal blades can tolerate a 1300F increase in temperature for the same

stress level and blade life.

As discussed above, regenerative engines benefit substantially from variable turbine geometry so
that high-cycle temperatures are maintained at part power, thereby resulting in lower specific fuel con-
sumption. Although variable geometry has been limited in the past to uncooled power turbines, it should
be extended to cooled turbines so that adequate compressor sulge margin can be insured at part power in
order to achieve maximum efficiency. It is by these means that the turbine can be continuously altered to
meet power or acceleration requirements.

As discussed above, the turbine component requires considerable attention to a variety of details
that will contribute to improved performance and mechanical integrity. These details require the integra-
tion of the various disciplines to produce a successful design.

4.4 Regenerators

Recent studies have shown that regenerative engines designed for helicopter applications using pre-
sent state-of-the-art components can achieve a 20-percent fuel savings over nonregenerstive type engines.
The combined engine and fuel weight of a typical regenerative engine is approximately the same as a non-
regenerative engine configured for missions of two to three hours. Fuel savings offset the higher acquisi-
tion cost of a regenerative engine for fuel cost above $1.80/gallon (1979 dollars). It is envisioned that
by 1985 a small regenerative helicopter engine can become economically feasible. This is especially true
since it is becoming more difficult to make advancements in component efficiency, and we may have to
resort to other means, stuch as regeneration, to achieve future reductions in fuel consumption.
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The regenerative engine now in production for the Ml Abram tank has provided valuable experience in
the design, development, and manufacture of regenerators that could be applicable to helicopter turbo-
shaft engines. Figure 20 is a schematic of this "multiwave-plate" regenerator core. Hot gas enters the

core along the inner annulus, passes radially through the heat transfer surface#, and then exhausts.
High-pressure air enters the core through the triangular passages and then enters tG. heat-transfer sur-
faces in a cross-flow direction, with respect to the exhaust gas. This air then flows radially inboard
(countertlow to the gas) and flows once again in a cross-flow direction and returns to the :oabustor
through the elliptical passages.

Preliminary designs of tube-type regenerators have also been made. An example of such a design is
illustrated in Fig. 21, where a regenerative LTS 101 is depicted with a tube-type regenerator. The regen-
erative engine is identical to the nonregenerative version except for the coml,usa:or housing. The housing
assembly incorporates the following functions by which it:

1. Provides a diffuser and duct for air leaving the compressor passing to the regenerator

2. Provides a duct for the hot air leaving tle regen:rtor passing to the combustor

3. Provides a main structural member to attach the regenerator to the engine ridframe at the com-
pressor diffuser exit; this is the main rear support for the rear gas producer rotor hearing, the power
turbine assembly, and the fuel manifold.

The regenerator which is a cross-flow, tube-type heat exchanger having two passes on the tube (air)
side and one on the shell (gas) side was designed to achieve 72-percent effectiveness with an air-side
core pressure drop of two percent and a gas-side core pressure drop of five percent. The thermodynamic
details are given in Fig. 22. The tubes .re brazed to the forward header, rear header, and two intermedi-
ate baffles. The baffles are extensions of the hot-gis exit diffuser that improves the flow distribution
over the tubes, as well as providing a tube support stracture.

A comparison of the part-load performasn,' of the regenerative engine with a nonregenerative engine
is presented in Fig. 23. The regenerator pres.,.re drop, along with the additional diffuser loss and leak-
age, caused a reduction in maximum power. The specific fuel consumption is reduced 20 percent at 50 per-
cent power which is approximately a cruise power setting for helicopter applications.

The regenerative engine has progressed to a point of becoming economically attractive for helicop-
ter applications. Further development of manufacturing methods such as welding processes, plate forming,
tube extrusion, and fabrication is required to reduce regenerator manufacturing costs.

5. CONCLUSIONS

Helicopter engines of the next decade will exhibit significantly improved performance if current
Kesearch and Deveiopment programs are pursued to their full pntential.

Small nonregenerative turboshaft engines in the 800-to-1200 horsepower class are projected to have
cycle pressure ratios in the range of 18 to 22:1 and turbine inlet temperatures of about 2800°R. Speci-
fic fuel consumption will approach 0.4 Ibm/hp/hr.

Compressors used in future engines will achieve this cycle pressure ratio by using fewer stages.
Configurations consisting of a combination of axial and centrifugal stages or dual centrifugal stages are
viable approaches. The centrifugal compressors will have leanback impellers to improve efficiency and
range. The turbine will be aerodynamically, highly loaded with active clearance control to minimize tip
clearance and secondary losses. Advanced materials such as single crystal blades will be used to extend
life and reduce cooling requirements. Environmental controls will become more severe requiring that more
emphasis be placed on developing combustors having low emiscions. And finally, because of the escalation
of fuel prices, the regenerative turboshaft engine will receive more attention for helicopter applica-
tions with long duration mission requirements.
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DISCUSSION

W.Heilmann, Ge
In rclation to your high pressure turbine performance map, is it from a cold rig test?

kuthor's Reply
Yes.

W.Heilmann, US
Then, what would you expect the reduction in efficiency to be due to cooling?

Author's Reply
When operating in a hot environment with cooling, the efficiency would decrease between one and two points
depending on the clearance control.

H,Kreiner, Ge
Do you have effective fabrication techniques to match the advanced tip clearance control and cooling designs?

Author's Reply
Fabrication techniques would be developed concurrently with the advanced blade design. Fabrication techniques
already exist for the tip clearance control.



REGENERATIVE HELICOPTER ENGINES -

ADVANCES IN PERFOR4ANCE AND EXPECTED DEVELOPMENT PROBLEMS*

11. Grieb, W. Klussmann

MTU MOTOREN- UND TURBINEN-UNION MUNCHEN GMB11

Postfach 50 06 40, 8000 MUnchen 50

Summary:

On the basis of modern engine component technology, including and emphasizing recent
progress in high-temperature heat exchanger technology, a conventional and a regene-
rative helicopter engine in the 900 kW power class are compared in view of design, per-
formance and life-cycle costs.

The comparison shows that the installation properties of the two engines are roughly the
same. For a typical attack helicopter mission, the composite of power system weight (in-
cluding 'the IR suppressor) and fuel/mission weight will be noticeably lower in the case
of the regenerative engine. This is mainly a consequence of the latter's better fuel
consumption.

The variable power turbine, being an indispensable part of a regenerative engine, at
the same time leads to an extremely favourable transient behaviour with a moderate in-
fluence of severe cyclic loading on hot-part lifetime. No significant difference exists
in IR emission at part load, due to the design of the IR suppressor for the same
exhaust temperature at mal:. power.

The life-cycle costs of a future fleet of attack helicopters equipped with regenerative
engines can be lower than with conventionizl engines. This holds true in spite of higher
development and production costs of regenerative engines, if the present trend of growing
fuel costs continues.

Finally, the problems which will have to be overcome are adequately described.

symbols

H m altitude
M kg/s; kg/h mass flow

P kW power

p bar pressure

R - pressure ratio

SFC d specific fuel coisumption

T K temperature

V m heat exchanger matrix volume

W kg weight

E - heat-exchanger effectiveness

k reduced mass flow M--Fts.War

Pt I
Abbreviations or indices

C compressor
P fuel

HE heat exchanger

IRS infrared suppressor

LCC life-cycle costs

t total

*The investigation was sponsored by the Ministiy of Defence of the Federal Republic

of Germany, ZTL No. MTU 1.20
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AdvanLed attack and transport helicopters will require greater installed power
than conventional helicopters with the sam- take-off weight, because o0 more string-
ent requirements as to their maximum flight speed and maioceuvrability. WiLh twin-
engined helicopters, moreover, in the event of failure ot one engine at low altitude, the
hellcoptet must have a high probability of being landed safely by the proviion of a high
emeruency power with quick response chaiacteristics of the other engine. The high power,
which has to be installed for then;e reasols, means that for the major part of the missiun
the engines will operate in the low part-load range. Fig. (D shows the requirements of
an attack and a transport helicopte:.

With conventional helicopter engines, the low part-load range signifies operation with
unfavourable specific fuel consumption for a large part of -he m.tssion. In contrast,
this is highly convenient for an engine equipied with a heat exchanger, which attains
its minimum specific fuel consumption at roughly medium part load. Taking an attack
helicopter as an example, an investigation is made into what design data are optimal
for an engine fitted with heat exchanger and into how the heat exchanger must be de-
signed and laid out, in order to achieve an improvement over a conventional engine
with regard to lowest possible overall weight (weight of engine plus weight of mission
fuel). In addition, the life-cycle costs of the engine with heat exchanger are con-
trasted with those of a conventional engine, and the two engines are compared concer-
ning their necessary installation cross-section and installation length.

2. Optimization of the eniqlne design data

Fig. 2 shows the specific fuel consumption at the design point and at 46% load (cor-
responding to the mean power; see Fig.1)in relation to the design pressure ratio.
For the engine without heat exchanger (reference engine), the turbine entry temperature
at the design point is 1400 K. A somewhat higher turbine entry temperature of 1430 K
was assumed for the engine with heat -xchanger (regenerative engine) but this has still
to be explained. Accordingly, a maximum compressor pressure ratio of 12.5 is the opti-
mum for the engine without heat exchanger, both at part load and full load. The same
pressure ratio for the regenerative engine with 50 - 70% heat exchanger effectiveness
also leads to the minimum specific fuel consumption at part load. Hence it is reason-
able for an engine of this power class (P = 900 RW) to select the same compressor press-
ure ratio as in the reference engine.

Thue Our•e of different temperatures and of the power turbine capacity at part load, im-
portant for the control of the regenerative engine, is shown in Fig. T5) . Also given are
the corresponding values of the reference engine, which are influenced-by the pilot's lever
only. Whereas the turbine entry temperature in the reference engine falls at part load the
turbine entry temperature of the regenerative engine is held constant right down to 37%
load with the aid of a two-stage variable power turbine. The turbine entry temperature is
reduced below 37% load bearing in mind the uncooled power turbine. In addition to a favour-
able specific fuel consumption at part load, this control ensures that the mean temperatu-
re of the compressor-turbine blades (the characteristic of the mean blade temperature of
the first stage is represented) decreases by about 50 K between full load and 20% power.
Similarly, the mean temperature of the heat-exchanger matrix in this power range remains
virtually unchanged, which means that the heat content Of the heat-exchanger matrix changes
only slightly. This results in the heat-exchanger matrix not giving rise to any thermal
hysteresis during a deceleration or acceleration phase.

The turbine entry temperature was set with regard to the particular requirements of the
attack helicopter mission, with consideration being given to the widely d fferent thermal
operating behaviour of the engines witn or without heat exchanger. Fig. (4 shows the de-
sign parameters relevant to the permissible turbine entry temperature. The virtual avoidan-
ce of operational "thermal cycles" as a result of the "isothermal operation" in the case o0
the regenerative engine allows an increase in maximum turbine entry temperature in compa-
rison with the reference engine. On the other hand, the longer operating time at approxi-
mately constant, i.e. higher, turbine entry temperature in case of the regenerative engine
results in d reduction in the acceptable creep life. As a consequence, an additional 30 K
in favour of the regenerative engine may be claimed for the same lifetime.

Fig. shows the specific fuel consumption at the design point and part load for the re-
ference engine and the regenerative engine. The compressor pressure ratio of both engines
at the design point is 12.5; the turbine entry tempeiatuie of the reference engine 1400 K
and that of the regenerative engine 1430 K. The heat exchanger effectiveness was varied
between 50 and 70%. The significant improvement in the specific fuel consumption of the
regenerative engine relative to the reference engine in the predominant mission power
range is apparent. With the above-mentioned heat exchanger effectiveness the improvement
lies between 20 and 30% at medium power.

3. Heat exchanger selection and optimization

In the selection of the heat exchanger particular attention was paid to the exchanger's
frontal area with regard to the arrangement of the heat exchanger behind the engine and
the requirement not to increase the engine's maximum cross section.
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Fig. ® shows a sketch of the recuperators under consideration (tube, profile and plate-
fin heat exchanger) to explain the arrangement and the flow pattern. The profile heat ex-
changer, undergoing development at MTU, is derived from the tube heat exchanger. Both re-
cuperators have a 2-pass cross countevflow arrangement in contrast to the countertlow type
plate-Ilin recuperator lThe required matrix volume, matrix weight, irontal area and length
are compared in Fig. Qý5 foe a heat exchanger effectiveness of 60% and a total pressure
loss within the matrix (air and gas side) of 7%. Worthy of mention is the low matrix
volume o0 the profile heat exchanger. This applies to both the net and gross volume (the
gross volume includes the space required for ducting air to and awdy f:or,. the heat ex-
changer). Tile matrix weight of the three recuperators under consideration is practically
the same, whilst the profile heat exchanger has the smallest frontal area. (For defining
the frontal area it should be mentioned that the flow area in front of the heat exchanger
corresponds to the free flow area available inside the heat exchanger matrix (gas side).)
With re(gard to installation length, the profile heat exchanger compares very well with the
plate-fin heat exchanger. A great advantage with tile profile heat exchanger, on the other
hand, is the much simpler conductance of air to and from the heat-exchanger matrix in
comparison with the plate-type model. Finally, because of their design (free thermal, ex-
pansion of the U-tubes or U-profiles), both the profile and tube heat exchanger are parti-
cularly suited for high operating temperatures and thermal shocks, whexeas the p.aote-fin
heat exchanger may be considered sersitive with regard to local teirperature differences and
thermal shocks. Therefore for purposes of the following optimization the profile heat ex-
changer was selected, as all-in-all this model best meets the requirements for favcurable
installation in a helicopter engine.

The optimization of the profile heat exchanger was carried out with regar:d to minim.1 over-
all weight of the power system (engine plus heat exchanger plus fuel per mission). The
weight of the required infrared suppressor and ducting of air and gas to and from the heat
exchanger was not included as variables in the optimization process. From earlier investi-
gations it was known that these weight contributions Jrpve only a slight influence on the
optimization of the heat exchanger dimensions. Fig. 8(• shows the matrix weight, engine
weight and weight of fuel required for a mission in relation to the heat exchanger effecti-
veness. The weight of the engine was matched for a constant design output of 900 kW, with
the reference engine being used as the starting point. Computation of the amount of fuel
required for a mission was based on a typical mission characteristic of an attack helicop-
ter. The range in weight for any given heat exchanger effectiveness derives from various
matrix pressure losses. The minimum overall weight is obtained in the range of 55 - 65%
heat exchanger effectiveness.

4. Gas temperature at the engine exhaust

The turbine entry temperature of the reference enjine as compae with that oi the engine
with heat exchanger at part load in the left-hand half of Fig. 9, based on Fig. 3. The
turbine entry temperature is held constant over a wide part-load range with the aid of a
two-stage variable power turbine. In the part-load range this control leads to virtually
constant exhaust temperature downstream of tha infrored suppressor. In contrast to the
reference engine, for mean power (46% power) this gives rise to an increase in exhaust
temperature downstream of the IR suppressor of 35 K. Accordingly, with the precondition
chosen here (same full-load exhaust temperature at the outlet from the IR suppressor) no
appreciable difference in the radiated infrared energy is to be expected. However, this
takes for granted that the heat exchanger assembly is very efficiently insulated with
simultaneous saving in weight as opposed to heat radiation.

5. Transient behaviour

A further advantage of the design with variable power turbine lies in the reduction in
the acceleration time of the gas generator. A gas-generator acceleration time of 1.0 - 1.5
seconds can be attained by openlne the power turbine fully during acceleration. This con-
trasts with the 3.0 - 3.5 seconds for the reference engine. At the same time, the maximum
turbine entry temperature of 1430 K at steady-state operation is not exceeded. Even during
acceleration no appreciable change in the temperature of the hot parts occurs. However, it
must be admitted that this takes for granted optimal matching of the compressor, whose
surge margin must be matched to the position of the operating line corresponding to
TET = const. (The operating line is constant for steady-state and transient conditions).

From the point of view of pilot safety the shortening of the acceleration time of the gas
generator is of particular importance for a twin-engined attack helicopter with regard to
the possible failure of one engine at low altitude.

6. Design

In order to adapt the reference engine to operation with heat exchanger, the following
design modifications in add ion to the dimensioning carried out for comparison pur-
poses were required (Fig. Q_ ):

- New compressor outlet casing with four connexions for ducting air
from the compressor to the heat exchanger.

- New combustion chamber casing with four tubes for ducting hot air
from the heat exchanger to the combustion chamber.

I
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- New power turbine casing required by the introduction of variable
vanes for the two-stage power turbine.

- New gas generator turbine bearing housing.

- Slightly modified power-turbine outlet casing.

- Slightly modified power-turbine rotor involving the incorporation
of a rotating spacer between the two impellers of the power turbine.

The profile heat exchanger used is of V-configuration and is suspended in such a manner
as to permit movements caused by thermal expansion in all directions. The supply ducts
(4 in each case) between the compressor and heat exchanger and between the heat exchanger
and combustion chamber are provided with bellows to compensate for relative movements
between the turbine and heat exchanger casing.

Both engines were fitted with an infrared suppressor to fulfil the following functions:

- To block the view of hot engine parts,
- To cool the visible outer exhaust casing, and

- To mix cold air with the exhaust in order to lower the
exhaust gas temperature to an acceptable value.

Accordingly, the infrared suppressor [1] in question consists of an ejector and a mixer,
with the ejector flanged to the exhaust or heat-exchanger casing and the mixer secured
to the airframe. The e3ector has four distributor nozzles for blowing the engine exhaust
gas into the four larger-area ducts of the mixer simultaneously mixing it with cold air.
Efficient cooling of the partly visible outer sections of the mixer offers the advantage
to manufacture the mixer in aluminium for low weight.

A comparison of the length of the two engines reveals an approximately 400 mm greater
length of the engine with heat exchanger. However, as far as the maximum cross sections
for the engine cowling are concerned, the comparison shows that when infrared suppressors
of the same design are used for both engines, roughly the same cross-sectional dimensions
for the installation space and the cowlings are required.

7. Overall weight of the power system

The absolute e ,-n--m,+n4-- 'oFunction of powcr of t re t and reference

engine is shown in Fig. (11) . in comparison with the reference engine the regenerative
engine shows an improvemorn in fuel consumption of approximately 27% at medium power.

Fig. @ gives a tabulated summary of the overall weight of the reference engine and
the regenerative engine. The approximately 28 kg heavier turhomachinery section of the
engine with heat exchanger is attributable to the following differences from the reference
engine:

- Lower specific power despite higher turbine entry temperature, because
of greater pressure losses (heat-exchanger matrix, ducts to and from
the air and gas sides).

- Lower efficiency of the variable power turbine.

- Actuation system weight of the variable guide vanes of the power turbine.
- Somewhat lighter infrared suppressor, because of the lower

exhaust temperature.

Including all the parts making up the heat-exchanger assembly, the overall weight of the
power system comes out to be 552 kg, which means a weight saving of 35 kg in comparison
with the reference engine.

8. Life-cycle costs

The assumptions made when estimating he life-cycle costs of the enqines of a fleet of
helicopters are summarized in Fig. 13 . Comparison of the life-cycle costs was made
under the assumption of the same fliglt performance of the helicopters. The lower take-
off weight in the case of the regenerative engine leads to a reduction of the installed
power and, thus, to an even greater reduction in the overall power system weight than
determined in section 7. Consequently, a total reduction in the overall weight of the
power system of 122 kg is attained with the twin-engined attack helicopter. Assuming a
similar saving in the airframe weight (including the rotor), this leads to a reduction
in the take-off weight of 244 kg (5.4%).

According to Fig. @ (left-hand half), for 250 flying hours per year and distribution
of development and product support costs over 1000 engines, this gives an increase in the
life-cycle costs o: 4.4% against the reference engine at the present fuel prices. because
Of the considerably smaller quantity of fuel per mission required by the engine with
heat exchanger an increase in the fuel price of more than roughly 60% leads to lower life-
cycle costs of this engine in comparison with the reference engine. Based on 50U flying
hours per year, life-cycle costs of the regenerative engine are always lower for the fuel
price range under consideration.



The right-hand half of Fig. 14 further shows the influence of the development and pro-
duct support costs on the life-cycle costs with distribution over a greater number of
engines. For 250 flying hours per year and at current fuel prices, an advantage with
regard to the life-cycle costs is attained for the engine with heat exchanger assuming
a production figure of 2000 engines.

9. Development problems

Decisive for the successful development of a regenerative engine of this category is the
effectiveness of the heat exchanger and its thermal and mechanical behaviour. F'or the
reasons given in section 3, the heat-exchanger concept selected is particularly suited
for the operating conditions in this case. Further, the design principle, similar to
that of a tube-type heat exchanger, and the detailed manufacturing and test experience
with tube-type heat exchangers under comparable operating conditions, give good reason to
expect a positive course of development. Special emphasis in this context is to be paid to
a functional design, which at the same time promises minimal production costs.

As far as the combustion-chamber section is concerned, the hot air coming from the heat
exchanger at temperatures of up to 900 K signifies considerably greater thermal loading
of the flame tube than would be encountered in conventional engines of this class. This
circumstance calls for an accurate flame-tube structure with minimal expansion of the
flame-tube surface. Because of the very high thermal loading even the injection nozzles
will probably have to be cooled, meaning that the fuel will have to be drained off after
shutdown of the engine.

The variable stators of the two-stage power turbine call for a high degree of variability
with minimal radial clearances of the vanes. Here it will be appropriate to build on MTU's
experience witn a single-stage variable turbine. In the case of the two-stage variable tur-
bine it will be necessary to guarantee easy, but simultaneous low-play operation with
a very high number of movements in particular.

Finally, the regenerative engine requires a control unit which permits the performance
potential of the engine under transient and steady-state conditions to be fully utilized.
Because of the allocation of service data, described in section 2, it will in this case
be necessary to combine a digital control unit with quick-reacting sensors in such a way
as to provide for a favocrable-cost and reliable control unit design.

10. Conclusions and evaluation of results

From the above mentioned it becomes apparent that conventionally designed modern turbo-
shaft engines of the power class under discussion here serve very we.i as the starting
point for developing an engine with heat exchanger. Admittedly, this is true only when
the mean power of the engine is relatively low, as it is in the case of the mission of
an attack or transport helicopter for example.

It may be concluded from the determination of the engine life-cycle costs that because
of higher development and production costs turboshaft engines with heat exchanger are
the more advantageous, the greater the number of marketable engines of a single model
and the higher the annual utilization for the same service period. From the economic
point of view, therefore, at least for the time being, engines with heat exchanger with
an assumed service life of 3750 hours are not attractive. However, in keeping with new
requirements, the attack and transport helicopters presuppose an overall running time
of at least 6000 hours, corresponding to a service period of 24 years. This means that
the reduced fuel consumption of the regenerative engine would make itself much more felt.
1.01S applies all the more when one considers that we shall have to reckon with an appre-

ciable increase in the fuel costs in the long run. Over and above this, the findings
show that turboshaft engines with heat exchanger promise interesting advantages for
helicopters and aircraft built in greater numbers and operated over longer periods.

The very good acceleration capability of the engine with heat exchanger contributing
significantly to safety in the event of failure of one engine, is of interest as far
as the twin-engine attack helicopter flown at low altitudes is concerned.

There are no obvious advantages of the regenerative engine over the reference engine
as far as infrared radiation is concerned.

With regard to the installation conditions, despite its somewhat greater length, the
engine with heat exchanger is not expected to present any serious disadvantages, espe-
cially as both engines have practically the same transverse dimensions.

Acknowledgements

The authors are particularly indebted to the MTU Mbnchen GmbH and to the Federal German
Ministry of Defence for per.aission to publish the present study.

The authors also wish to thank Mr. A. Rohra, who carried (:it the design work.



9-6

Reference

f1] B. Barlow and A. Petach
"Advanced Design Infrared Suppressor for Turboshaft Engines"
Presented at the 33rd Annual National Forum of the American
Helicopter Society, Washington, D. C., May 1977
Preprint No. 77.33-73

ATTACK HELICOPTER ITRANSPORT HELICOPTER

MlAX. TAKE OFF WEIGHT T 4 ,5 6.0

NUMBER OF ENGINES 2

ENGINE POWER (DESIGN POINT) KW 900

MEAN POWER Z 46 1 55

ENGINE LIFE HRS 6000

UTILI ZATION HRS/YR 250 .300

hISSION ENDURANCE 2 HRS. 30 MIN.
+ 20 MIN. RESERVE

START/STOP CYCLES PER MIS4IUN 1 1 2

Fig. 1 Helicopter Mission Essentials

LL- & 250 70% I SA.

U ,Reterance Engine (I nregenerative Engine)
-, 200 TET= 1400KRegenerative Engine

TET =1430K
.31 LPin ,g
sr. 1Or- P/osp0461

30Eoeugn 
HU'SO% •

300
U- .4-7

LI-

".•,0- 70% . . . .
--• 250 " -•

-- j - TET=14 30K

200 6 8 10 12 14, 1 6

Compressor Design
Pressure Ratio RcDesign
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Fig. 4 Influence of Creep and Cyclic Loading on Achievable TET
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Fig. 10 General Arrangement of Engines Considered
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Fig. 11 Comparison of Fuel Consumption of Engines Considered
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NIUMBER OF HIELICOPTERS (TWIN ENGINED) 200
SERVICE TIME PERIOD 15 YRS
UTYILIZATION 250 IIRS/YR
ENGINE PRODUCED 1000
ECONOMIC CONDITION JAN. 80
FUEL PRICE 0.65 DM/KG

HIEL ICOPTER

MISSIONJ EQUIPMENT SAME

PAYLOAD SAME

AIRFRAME COST (WIITHOUT EQUIPMENT) 1100 HI/KG

REFERENCE ENGINE REGENERATIVE ENGINE
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ENGINE DJESIGN POWER 900 KVI 851 K0 C 5.4 %)
EN61NE WEIGHT 170 KG 231 KG (~35.9 %)
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Fig. 14 Comparison of LCC for Engines Cons'dered
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DISCUSSION

H.Saravanamutto, Ca
Have you considered the expected high temperature of thr power turbine at part load?

Author's Reply
This was considered with the turbine temperature being reduced at loads below 37 percent of maximum power.

H.Saravanamutto, Ca
Did you consider the deceleration response in your design study?

Author's Reply
No deceleration problem is anticipated because of the nearly constant heat exchanger mean matrix temperature at
part load with subsequently constant overall content in heat energy (see Figure 3).

M.Hudson, US
Did you consider the rotary heat exchanger in your design and could you tell us why it was rejected?

Author's Reply
It was rejected because of the high power level and the high engine pressure ratio as well as potential integration
problems.

W.Schneider, US
In reducing the power to 40 percent at constant cycle temperature, have you considered the compressor surge
problem?

Author's Reply
Yes, the compressor would have to be designed with an appropriate surge characteristic.

K.Rosen, US
Because of potential drag penalties, did you parametrically study the effect of increase in drag on increased fuel
consumption?

Author's Reply
No, the aircraft geometry remained roughly the same for both engines because of their nearly identical maximum
cross sectional dimensions.

Unknown Questioner
Could you comment more on the differences in weight between the two engines?

Author's Reply
As shown in the paper, when considering the reduced mission fuel weight for the regenerative engine, the total
weight is actually less than that of the reference engine (see Figure 12).
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LIiiii 1CATION BIEARDOWN BETWEEN (:EAR TEETI

by

B.A. Shotter - Chief Design Engineer (Gears)
Wostland Helicopters Ltd., England

Damage to gear teeth attributable to "lubrication failure"
is an important failure mode. Though much has been written
concerning this problem, several important aspects of the
damage initiation have received little attention. Detailed
observations of the early stages of breakdown suggeit that
one may not be dealing with a single process' hence great
care is necessary when drawing conclusiono from observing a
damaged pair of gears.

A study of a number of these critical areas and discussion
about others, highlights the complexity of the problem, It
is only by fully understanding the nature of the problem,
that satisfactory remedies can be found.

1. Introduction

Since many thousands of words have already been devoted to this subject one might justifiably
question the need for a further paper with a general title of this nature. The examination of
failed gears from many fields of operation, not only aeronautical, but also industrial, automotive
and marine, have shown characteristics which suggest that there are several initiating mechanisms
involved. The subsequent damage may develop along similar lines and this can obscure the real
cause of the problea unless the early symptoms are observed and understood. This paper hopes to
describe some of the various initiation processes and to imornvp the gneroral undoerctrndg cf the

pX'oulem.

2. Basic Observations of Failed Components

2.1. Position of early stages of damage

The sequence of events leading up to major damage is always important in trying to prevent such
a problem recurring. However, there are inevitably some cases where the damage has progressed
so far, that it is no longer possible to trace back the failure to its true origin. The
increasing interest being shown in health monitoring techniques could well lead to an earlier
awareness of damage and an improved ability to find the damage initiation areas. (Ref. i)

When looking at various examples of lubrication breakdown a lot of the cases can have their
origins traced back to the tooth edges; either the ends or the tips. One example of this is
shown in Figure 1 . Here the tip of a spiral bevel gear is showing markings extending down tire
flank. Whilst the n .nt.grn.h ES ... .tho-e -arkiiCi quite clearly, tney were hardly visible in
the high level of illumination by fluorescent tubes frequently found in workshops. It was
only by using a beam of light at a very shallow angle to the surface that these markings became
so obvious.

Other examples are found where tire early damage is clearly not associated with tire tooth edges.
Here it is important to cons~der the implications of other factors macch as surface finish or
surface treatments. Sometimes breakdown can be s-en to extend away from some lelatively small
surface defect such as a small pit or an indentation psrhap, uaused by a piece of debris
passing between the teeth.

The signif~cance of these relatively minor markings in tire early stages of damage development
may be modified cono-derably by the nature of the gear materials, the presence of common
factors between the toothr numbers of meshing gears and the character of tire speed and load
spectra.

2,2. Influence of time on initiation

Whilst physical appearance may show tire regions where damage has been initiated, it is also
important to know when it started. Probably the commonest time of initiation is during the
early life of a gear set, when the surface:; are still charrging during the somewhat ill-
defined process of "running-in". Certainly during this time,temperatures will tend to increase
and oil viscosity will fall, renderinrg the girneratton of hydrodynamic oil films less efficient.
ihowever,the process leading to breakdown ic not solely related to the progressive loss of oil
film thickneus until intimate metallic contact is established. Frequently there appears to be
a sudden collapse to failure, though the oil film thickness at wnicb this ihappens cart be quite
variable. (Ref. 2, 3)
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Apart from early life failurue there are many examples of' lubrication Ireabdown after
prolonged periods of running. Some of these can be associated with mn interruption in lubricant
supply; usually it is possible to find evidence of heating It thin has occurred. Not
infrequently one finds new oil added ard ti. gea'o allowed to run on, thus pol]ishiing out the
evidence of heating on the operating flanks. Put careful examination of thu e'dges of tile
contact area will often still show thu toll-talu temper colours that demonsutrate that high
temperatures have been reached.

Another form of long life lubrication breakdown can be associated with fatligue of the setul
surfaces. This has beeoo demonstrated in the laboratory where sudden scuffing has occurred
on surfaces which were well past any runTlning-in phase (Ref. 4). Sometimes on gears it is
possille to see the presence of fine micro-pitting (1i4. 2) on some areas of the tecth where
the scuffing damage has not obliterated all the earlier fatigue damage. However, it is also
possible for a scuffed surface to start to fail by fatigue, so it is important to find out
which came first: With carburioed and case hardened gear:; it seems that pitiing after
scufting is most comjonly associated with the relatively lightly damaged areas near the edges
of the scuffed eones.

In considering when a piurticular failure occurred it is important to distinguish between time
and life. A gear which hai had a "life" of several thousand hours could suffer lubrication
breakdown after a gearbox overhaul. Even minor disturbances to gear alignment, perhaps due
to a bearing change, can initiate a failure. This is particularly common when there is
evidence of wear on the teeth. Slight displacement of the Contact area can cause excessive
local loading at an edge which can then trigger off the failure. Other gears have failed
relatively soon after standing idle for a long period. This may he associated with corrosion
oemage. Some scuffed gears that have been examined have shown typical corrosion mark,- on
their non-working surfaces although the flanks were too damaged to positively identify any
corrosion as the initiation site.

2.3. Additional Observations

Whilst moot failures ace associated with the contact between one set of driving tooth surfaces
and a corresponding driven set only. It is important to relate these together correctly. For
instance reaesembly of two gears both having even nunbers ef teeth can result in tooth
surfaces contacting that have rnever previously run together. Any gear pairs having a common
factor in their tooth numbers can suffer in this way.

Whilst load, or more specifically, high local loading, can be responsible for initiating
damage, this load can be self generated. Gears operating with very low backlash can start to
contact on both Planks. This can generate more heat and cause the gears to expand thus
i•,pujing even more load on the teeth. The combined effect of load and temperature in tnosee
circumstances will frequently cause lubrication breakdown. Thus careful observation of the
nominally unloaded surfaces may provide useful evidence to explain a failure.

It is still possible for gears to pull themselves together, even when relatively large backlash
exists. This can occur with gears having virtually all-addendum driving teeth, the explanation
of how it can happen is given in Appendix I. however, several cases of tooth damage have been
observed where the only explanation seems to hnave been this unusual tendency for the gear teeth
to pull into mesh with one another; improbable though this sounds at f',rst.

3. Contact Conditions

3.1. General Tooth Contact Geometry

The instantaneous contact between conjugate profile gear teeth will be a line. For Spur gear
pairs Lhizs izi always a straight line paralc-----------------__ For__ __----n-As this line
may be curved. For Involute helicals the line is again straight but is now inclined through
the plane containing the shaft axes. Gear tooth contact stresses are defined relative to a
plane normal to this contact line. WAhat is often forgotten is that the area of one tooth is
relatively small and that the line of contact has to stop somewhere: (Pig. 3). These
discontinuities can have quite a considerably effect on the local stresses at the end of the
contact line, even when the basic tooth alignment is perfect. In the presence of manufacturing
errors the peak stress near the end of the contact line can be very much higher than the
theoretically calcu' nted value for the basic tooth geometry.

3.?_. Modified Contact Geometry

The fundamental behaviour of a line contact of finite length has been studied in connection
with roller bearings (Ref. 5). To alleviate these adverse end stress conditions special end
profiles are often used together with a slight barrelling of tile cylindrical form. The
Involute tooth system makes some attempt to provide a modification to the edge conditions by
introducing "tip" or "tip and root" relief. Though the application of these is often rather
crude in concept.
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Since maniy lubrican'. breakdowns are associatod with the tip contact conditions of either the
pinion or the wheel, the influence of tip relief onl such failures could hue quite significant
(Rut'. ). Whilst it is sometimes recommended that the amraount of tip relief should just
equal the elastic deflection of the tnotit, experience has shown that rather more relief in
usually necessary to ,revent the contact line "falling off" the edge of tire tooth. Whiltst
some improvement is found with inrvaeeing relief, major benefits seem to acrue from the total
containment of the contact line within the flank area. Such behaviour seems difficult to
account for on thQ basis of contact stress alone and the section on lubrication contributes to
thu; under' arding of thtis ubservation.

3.3. Edg, Geomeltry

Whilst tip relief is usually applied during the normal manufactun rg process producing tile
tooth flanks, the boundaries of these surfaces to the tooth ends and tip normally receive a
separate dressing operation. The character of this operation and the nature of tite filni:h
produced cart significantly modify the failure characteristics of the gears. Thus,although
such operations3 are frequently felt to be relatively unimportanttthey can become critical to
the satisfactory performance of some gears.

3.4. Surface Prosrties

If the surface finish ott the boundary edges is important, what about the toot), flank itself'
This question cannot be answered in isolation. Tie optimisation of surface finish on gear
teeth is a problem having many facets and the answers seem to vary in different cases. To try
to define the characteristics of an optimum surface is itself a difficult problem. In
consequence all that is done here is to note some factors of significance, but not to draw any
hard and fast conclusions from them.

i) A surface finish "lay" running across the sliding direction can be beneficial in
interrupting tile mini-welds before thtey develop into larger scale damage. There are also
benefhLs if the "lay" runs across the rolling motion direction since this appears to
improve the lubrication as well (Ref. 7).

ii) Surface finish amplitude whilst often not appearing to relate directly to lubrication
breakdown, can influence behaviour through its effect on operating temperature. It has
been shown that high initial surface roughness can result in higher coefficients of
friction on run-in surfaces (Ref. 8.). Tnus if increasing temperatures render failures
more likely, as will happen with lubricants operating purely on a viscosity basis, then
smoother initial finishes will be beneficial. However, many oil additives become more
reactive with increasing temperatures and thus the increased operating temperatures
resulting from the use of rougher surfaces can have beneficial effects in some
ciume*nces_

iii) The presence of occasional deeper scratches on a surface can have a disruptive effect on
the oil film generation. Some cases have been seen where the surfaces adjacent to a
scratch teemed almost on the point of scuffing. Had such an event occurred, it would
almost certainly have obliterated tie s'cratch and the true origin might never have been
found.

iv) "Anti-Scuffing" treatments can have conflicting effects on tile surfaces. For example a
phosphate treatment produces an "anti-scuff" film, but at the same time tends to increase
the surface roughness of the metal. Cases have been seen where the protective film
appears to have worn off with time and then scuffing has occurred, but only within the
more heavily worn area. Other gears of the same design and operating under similar loading
have not failed when the depth of surface etching was less.

Another problem encountered with a phosphate "anti-scuffing" treatment concerned an edge
breakdown. in tnis case it was sntown that the "protective" treatment actually made the
failure worse. So that, although these treatments may prove satisfactory in some
circumstances, they cannot be considered as a universal panacea whenever lubrication
breakdowns occur.

4. Lubrication

4.1. Tile ]Lubricant

Although it might seem to be a fairly probable cause of lubrication breakdown, th•e lubricant
itself is only one link in the load carrying chain, and major improvements in load carrying
performance can usually be made without resorting to oil changes. As mentioned in 3.4. (ii)
the two main factors of a lubricant are its viscosity characteristics and its chemical
behaviour. Higher operating temperatures tend to make one more dependent on the chemical
characteristics, although higher speeds need oils of lower viscosity so these two aspects are
not necessarily in conflict. However, Macpherson has shown (Ref. 9) that tire scuffing load
of giveg oils can vary significantly with temperature, the most critical region being in the
60 - 90 C region. This seemed to demonstrate an inadequacy in the development process of the
oils, since operation at tnese temperatures is almost inevitable during some periods in a
units life.
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Whilst trie fundamental propertiea of the uil ra are important, the selection of an oil for a
given gearbox duty will depend on the operating characteristics of the gears within it.
Where a single gear lair is concerneda viscosity can usually be chosen to suit the pitch lire
velocity of the teeth. When several reduction stages are contained in the same pearbox the
problem becomes more difficult, since the high torque low speed output stage would normally
prefer a much higher viscosity than a low torque high sLeed input stage.. Tirs cumpromaiss
are necessary and they can show up in any lubrication breakdown effects that are noted. With
Military equipnxnt, the logistics demand of keeping a minimum number of oil types can also
affect the selection of a lubricant.

4.2. liasic Elaitohydrodynamic Lubrication (e.h.].)

Since the majarity of gears in use are Involute tire argumreunt will be dovelojed around the
contact conditions for the basic Involute gearing system although the concepts can be adapted
to other tooth systems. The instantaneous lines of contact on spur gears will sweep from root
to tip oer a driving gear or tip to root on tne driven meomeor. As the contact moves over thr
oil wetted surface, an oil film becomes trapped between the surfaces due to tire high viscosity
that develops at the contact pressures existing between tire teeth. Such conditions have been
investigated using disc machines which can maintain continuously the conditions at one point
during the action of two teeth (Ref. 10). The problem with gear teeth is that the e.h.l.
contact las to start and finish oer every tooth.

Let us first consider the starting proces3. The tip of the driven tooth will be tire first
point to be contacted, so one can observe the distance between the corner of this tooth and
tire lower flank of tire driving gear. As tire distance reduces there is no basic reason wily a
significant oil film should develop. It is only when a contact pressure zone starts to sweep
over the surface that the basic requisites for generating the oil film can be found. Thus the
initial contact has to tolerate the high sliding conditions with an inferior lubrication
(Fig. 4a). The beneflts of "tip-relief" in reducing load during this phase are, therefore,
likely to interact beneficially with the e.h.l. development process.

Looking now to the way in which the contact ceases at the tip of the driving gear, the
geometric conditions are reversed but from the e.h.l point of view the action is significantly
different. The high contact pressure zone exists already and is moving towards the tooth edge.
The film thickness is generated at the ingoing edge of the Hertzian zone and the radi, ol
curvature of these approaching surfaces together with their velocities towards the conjunction
will influence the magnitude of the film. When the pressure zone becomes very close to the
tip the effective radius of one surface suddenly becomes very small and causes an inferior
lubricant film, this again at a point where high sliding velocities exist (Fig. 4b). It is
not surprising that scuffing can start in such areas.

The behavio1.ur at surface discontinuities can also be seen where a relatively deep scratch
crosses a surface. Since the scratch relieves the pressure in the oil film development process,
it acts in a similar way to the tooth edges. The amount of surface interaction adjacent to
the scratch edges is much greater than on the rest of the surface, demonstrating the inferior
oil films at the sudden discontinuity.

With teeth having a helical form the instantaneous contact will exist as a diagonal line across
the tooth flank. Thus the two ends of the contact line coexist with the start and finish
conditions already described for spur gears. Although the central portion of the contact zone
can be generating near perfect oil films, the edge discontinuities are still the regions where
lubrication breakdowns most frequently occur. Similar behaviour is often observed on spiral
bevel gears.

4.3. E.h.l. at the ends of Helir 1 Gear Contact Lines

Whilst the previous section referred to the lubrication conditions at these points, the
situation is rather more complex than suggested there. The oil film thickness in an e.h.l.
contact is largely determined by the conditions at the entry to the contact area. For a line
contact this is fairly simple to define. Tire entraining velocities of the surfaces normal to
tire contact line and the radii of curvature of the surfaces in the same directions are
relatively basic properties and easily established (Fig. 5). What about the ende of the
contact line though?

Firstly the contact at the tip of the driven inerber with the root end of tile flank on the
driving tooth. When the first contact between these teeth occurs it is only a point right at
the end of the teeth. What velocity is to be used under these circumstances? As far as this
end of the contact line is concerned it is sweeping across the facewidth with a velocity far
faster than the sweep velocity of the subsequently developed line up tire tooth. Tile effective
radii of curvature in this direction are also larger. Thus this end of the contact line can
operate under conditions attempting to improve the local oil film thickness.

At the other end of the contact line, however, the conditions are very different. Tire sweep
velocity of this end across the tooth is virtually the same as the other end of the contact
line, but here this cannot help to generate an oil film. At this end the film thickness is
predetermined by the entry conditions of the line contact and, as already shown, these tend to
be less effective at this point.

|aF
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Diagramatically %e relatwve film generation is shown in Figure 6 . Thua even when reasonable
attention is givw to the load discontinuity effect:; at the ends of the contact line, there still
exists an imbalance in the scuffing tendencies at these points. Certainly damage seems to start
at the exit end rather more frequently than the entry end.

4.4. Lubricant Supply

Whilst tooth geometry, torque loading and speed all affect the onset of failure in a relatively
predictable manner, the provision of an optimised lubricant distribution over the tooth surface
is far more uncertain. The lubricant serves two distinctly separate functions. It produces
the film separating the metallic surfaces, but it also serves to t•aesfer thermal energy from
the gears. In many cases the majority of the oil is required for the second function. However,
excessive quantities of lubricant can generate heat as "churning losies". These increase
rapidly with speed and it is usually found that dip lubrication becomes unsatisfactory above
20 m/s pitch line speed unless special steps are taken. Lubrication breakdowns can be
aggravated either by excessive temperature in the presence of adequate quantity of lubricant or
by an inadequate supply of lubricant which can lead to higher temperatures. Distinguishing
between theie is not always easy. The temperature distribution on the gear case can sometimes
be helpful.

One example where the wrong conclusions were made involved a low ratio bevel gearbox. The
gears were relatively small in large casing and sliding speeds were low. A reasonably low
pitch line speed was consistent with the dip lubrication used. Because of the large casing,
oil picked up by the dipping gear was thrown to the casing walls and under cold conditions the
gear mesh could be starved of oil. Assuming that the oil properties were inadequate for the
duty, an even higher viscosity oil was used which made matters worse: Finally the gears were
given a baked-on Molybdenum Disulphide treatment, which cured the immediate failure
symptoms, but damage still occurred later in the equipment life. Although excessive space was
fundamentally the cause of the problem in this case, more problems are usually caused by a
lack of space. Uniform clearances around the tip circles may look nice on a drawing board,
but they can make it difficult for oil to get away from a gear rim and thus cause increased
churning losses.

With higher speed gears the lubrication is usually by means of jets. The position of failure
initiation relative to the jet can be significant; on larger facewidth gears, twin jets
applying the same oil quantity can be rucceu3sful where a single jet system has failed, However,
the windage around the high speed gears can break-up an oil jet and although it may be
pointing in a certain direction this is no guarantee that it will strike the gear in that
position. Somecimes local wind deflectors can be beneficial in preventing such disruption.

Often the oil velocity leaving a jet is lower than the pitehlino v•oie y of fhe +eeth. in
such cases it can scom improbable that the oil would ever reach the r1 a of the teeth (Ref. 11).
However, contact with one gear can accelerate the oil and thereby enab-e it to enter the tooth
space -f the opposing gear rather more easily than might be expected.

Frequently oil droplets are ricochetting between the casing and the gear many times; each cycle
transferring a little thermal energy to the casing. Such a process is the explanation of why
sometimes it is found better to direct oil jets on the outgoing side of the mesh. When
directed to the inlet side it is possible for the tooth action to move the oil to the side of
the gearbox and not to generate as effective a spray to promote the thermal interchange.

Lubrication failures can sometimes be initiated during the starting cycle. If the equipme.nt has
stood for somn time, very little oil will be left on the teeth. Should the start-up acceleration
be very high, it is quite possible for high torques to be developed before the gears have made
a complete revolution. Thus some teeth may experience almost unlubricared operation. Subsequent
revolutions in the lubricated state may not be able to prevent the damage growing since, in the
cold ctatc., the chemica activity of the addilives can be very low.

As can be seen there are many possibilities for the lubricant supply to influence the operating
properties of the teeth. '..hen problems arise there are usually a lot of posoible alternatives.
A careful analysis of the evidcncý can often help to cure the trouble with the minimum amount
of change to the system.

5. Conclusions

Whilst criteria exist for assessing some potential lubricant failure conditions, thce are many other
significant factors. Because of tnis it is questionable whether these calculations serve a really
useful function. Apparant limits found in one application can be significantly exceeded in others.
It iu important to recognise that there are a lot of possible initiation mechanisms and not to
attribute all lubrication breakdowns to the same cause.

Improved reliability will only be achieved by recognising the different factors that can cause failures
and ensuring that all these factors ore given due consideration. When striving to improve the load
capacity of gear systems it is inevitable that failures will occur. Only if the true origin of a
failure is recognised will it be possible to successfulJy modify future designs 9o that higher loads
can be achieved.
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APPENDIX 1

EFFECT OF FRICTION AT THE TOOTH CONTACT ON THE TOOTH

NORMAL FORCES AND SEPARATING FORCES

Consider initially an elemental tooth flank surface under static or zero friction conditions as shown

in Figure Al (a). A given tangential force L? is required from the gear. To produce this, a normal
load LN will have to act on the surface which is inclined at a pressure angle OC. . This will also
cause a separating force LS acting redially.

Thus LN = LT or LN = 1 (I)

cos OC. LT Cos M

and LS = LT tan Pc or Ls = tan cc (2)

LT

If now onQ introduces a frictional effect at the contact as in Figure Al (b) due to the upward
movement of the contact point, then components LTN and LSN will result from the Normal load as in the
previous case. But a frictional force LF will exist in the plane of the surface where

LF= /A. L14

This can again be resolved into tangential and radial directions to give:-

LTF = LF sin or-

and LSF = LF coc

Hence, the required tangential force LT will be given by:-

LT = LN+ WTF = LIi; cos M + /A L1; s inOC

= LN (c03M 1 /s. sin a )

or ½ - 1 (3)

½T Cos OCC + 1 sin cc..

The resultant stparating force LS will be given by:-

LS = LSN - LSF =LN sinC - /1A LN cooOC

= LN (sin cc - cosaac

L3
= sin OC - cos 3o (4)

But relative to the tangential load LT one has to combine (3) and (4) to obtain:-

= sin OC-- cosc (5)

LT Cos C + sinOC

The results of equations (3) and (5) are plotted in Figure A2. The first graph shows how the
increase in friction tends to reduce the normal tooth loading. The constant friction curves show
minima which for typical lubricated friction co-efficie',ts will be below most working pressure angles.
Hence, increased pressure angles will cause increasing normal tooth pressures.

The separating load curves show intercepts with the zero sins at values corresponding to the minima
of the normal load curves.
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Fig.5 Movemnent of the contact line over a driving helical involute tooth
that generates the oil film
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Fig.6 Conditions at the ends of the contact line relating to oil film generation



DISCUSSION

A.Jackson, UK
Could you describe how gearbox life might be improved by giving attention to items discussed in your paper?

Author's Reply
If there is a lubrication breakdown, then the gearing would quickly fatigue and fail. However, with proper
lubrication without breakdown, its life could be infinite. Other factors would affect the real life of the gearbox.
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SUMMARY

Recently, the emphasis in helicopter gearbox development has concentrated on those
design innovations which will permit high temperature operation at increased speeds
without degrading strength or weight goals. Several of these design concepts are
discussed in this paper. one avenue of investigation, which shows promising strength
or weight advantages, is high contact ratio gearing. The means taken to obtain a high
contact ratio tends to produce an inherently weaker tooth and reliance must be placed I
on the multiple load-sharing feature of this design to achieve an advantage over low
contact ratio gears. This paper discusses the appropriate consideration which must be I
addressed in the design stage to achieve optimum results. To provide high temperature
capability, two (2) UH-60A helicopter main transmission housings, were fabricated from
a stainless steel alloy to replace the conventional magnesium alloy casing. Design
details and fabrication procedures are discussed.

INTRODUCTION

Gears. in one form or another, have been in use for about five thousand years and are
almost as old as recorded civilization. The discipline of gear design and manufacture
has increased in sonhistiratinn at An accelerated pace throughout histery and has now
reached a level of developient where it is not unusual for a typical high speed turbine
drive pinion to experience over 10 billion contact cycles without breakage or even
serinus wear after five years of usage.

In the coming decades we can look forward to further advancements in all aspects of
gearing development, with increased emphasis placed on such areas as: new gear mater-
ials with increased survivability traits, particularly when running at higher tempera-
tures or without oil; and new gear designs with improved dynamic characteristics
resulting in reduced noise generation.

High contact ratio gear- tUCRG) are gaining wider acceptance in aerospace designs
specifically because of beneficial strength and noise Attributes. One possible draw-
back inherent to this configuration, however, is the fact that multiple tooth contactsI
are necessary to gain an advantage over conventional designs consequently excessive
tooth spacing errors must be avoided. Accordinqlv, srecial attention should be given
not only to the fabrication and processing of HCRG to attain the highest quality gears 4
possible so that the etfects of random tooth errors can be minimized, but also to the
determination of load sharing among the contactin; teeth. This paper presents a
systematic approach for obtaining the tooth loads in TiCRG.

The analysis presented herein is based on the work conducted by the Sikorsky Aircraft
and Hamilton Standard divisions of United Technologies Corporation in support of a
NASA-Lewis HCRG evaluation program, NAS3 17859.

Helicopter gearbox housings have traditionally been fabricated from cast magnesium.
Unfortunately the strength of this material deteriorates rapidly as operating tempera-
tures increase. Additionally magnesium alloy exhibit relatively poor fatigue strength.
This attribute is becoming increasingly important for support structures subject to
ground-air-ground (GAG) fatigue loading. The results of a program to evaluate the use
of a fabricated stainless steel housing as a replacement for the conventional cast
magnesium is presented.

HIGH CONTACT RATIO GEARING

Among the goals of current aerospace research and development programs are increased
reliability, and power-to-weight ratio of power transmission systems. Considerable
effort has been directed at improving the performance of spur gears with respect to
these two criteria. This effort, however, has been primarily aimed at the development
of newgear materials; such as VACCO X2, Super Nitralloy, AISI M-50, and CBS 600; and
advanced manufacturing methods; such as high-energy-rate forgings, and roll-formed
gears. Although some research has been done on alternate gear tooth forms such as the
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Wilhaber/Novikov conformal system, Reference (1), the profile geometry if aerospace
gearing has remained basically unchanged over the years.

One possibility for improving the performance of spur gears that is gaining wider
acceptance to the extent that is is beginning to be used with increased confidence, is
high contact ratio gearing (HCRG). Most of the present day spur gearing operate with a
contact ratio between 1.2 and 1.6 which means that these designs have a point in the
mesh cycle, or along the line of action (Figure 1), where one tooth must take the
entire load. HCRG is herein defined as any gear mesh that has at least two tootn pairs
in contact at all times, i.e., contact ratio of 2.0 or more. See Figure 2. Because
the transmitted load is always shared by at least two pairs of teeth, in this configur-
ation, the individual tooth loading is considerably leas for HCRG than for present low
contact ratio designs. HCRG, however, inherently requires gear teeth with lower
pressure angles, finer diametral pitches, or increased working depths all of which tend
to increase the tooth root bending stress per individually applied load. In addition,
it would be expected that HCRG would be more sensitive to tooth spacing errors and
profile modifications because of the multiple tooth contacts and attendent load sharing
requirement.
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pfe di i rf t- Simultaneous PointsFantacPoint Ad Of ContactOf Contact .• ,,-r•• •Normal Pitch

t a iiIntal lPoint nOf contact----

Fitgur,, 2b Hiigh Contact Ratio Tooth D,.sign

To properly design and evaluate HCRG, three basic analyses are reqiaired. First asstatic analysis is necessary to calculate primary geometric relationships, theoretical I
contact ratio, relative tooth stiffnesses or compliance values, and the amount of I
profile modification required to effect a smooth transition of load at the beginning
and end of tooth contact. A system dynamic analysis is done next to determine either
the total dynamic load, or the dynamic incremental load accruing as a result of random •
tooth errors and tooth deflections. Finally, a stress sensitivity analysis is per-
formed on the gear teeth to convert the tooth loading into root bending and Zoatact
stresses so that these can be compared to acceptable design levels. This last proce-

dure is beyond the scope of this paper but is adequately covered in Reference 5.

U



Static load analysis

In any design situation there are always certain apriori restrictions imposed on the
designer which limits his choice of design variables. Among these may be gear ratio,
center distance, maximum pinion size, available tooling, etc. There are five basic
design variables which should be considered to achieve a high contact ratio design.
The choice, however, may be conveniently narrowed down to two or three because of these
prior design restrictions.

The contact ratio for standard involute spur gear teeth may be increased by any of the
following means:

1) Lengthening the line of contact by decreasing the angle of the line of
action, i.e., lower pressure angles.

2) Lengthening the line of contact by increasing the addendum circle of one or
both gears, i.e., increased working depths.

3) Decreasing the normal distance between adjacent teeth, i.e., finer pitch and

increased number of teeth.

The contact ratio of a pair of mating spur gears is calculated by:

S= (G4"-'Th-I+ A4MVRo• - R•- •c pAGA C sin 0 )/Pb ()

where mp = theoretical profile
contact ratio

Rob = outside radius of
driving gear

RbI = base circle radius of
driving gear

Ro2  = outside radius of
driven gear

Rb2  = base circle radius of
driven gear

C = center distance
0 = pressure angle
Pb base pitch
AG = driving gear factor

(1 for external gears)
(-1 for internal gears)

AM = driven gear factor (1
for external gears)
(-I for internal gears)

This equation can be rewritten more conveniently in the following form:

H~P = 12ros0 [AGV(NsinO)2 + 4a, (N, + a;) +AM4(mg Nsin#)2 +4a.(mg N,+ a;)

- (AG +AMnMg) Nsine] (2)

driving member

mg = gear ratio (mg > 1)

ai one-pitch addendum
of driving member

as one-pitch addendum
of driven member

It is obvious from equation (2) that, for design purposes, the five basic factors which
can be varied to change the contact ratio are: diametral pitch, number of teeth, gear
ratio, gear addenda, and drive-side pressure angle.

While a higher contact ratio can be obtained by increasing gear depth, the longer
addendum, if extehded too far, can create problems of pointed teeth or undercut tooth
flanks. The authors suggest that a topland thickness of .25/Pd is a practical minimum
for case-hardened HCRG. A tooth with less topland thickness may be susceptible to
edge-chipping and breakage due to through-carburization at the tip. Under ordinary
conditions, undercut teeth are also unacceptable because of reduced beam strength.
Figures 3 thiough 6 show contact ratios of external spur gear teeth as a function of
piessure angle, addenda modification and number of teeth. The possible design region
is limited on the bottom by the undercut limitation and on the right by the minimum
topland restriction. These graphs show that the chief limitation on HCRG of low
pre-3sure angles is from undercutting. For hio'ier pressure angles, the contact ratio is
limited by minimum topland thickness. As in be seen from Figure 6, the minimum
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topland requirement effectively eliminates gears with a pressure angle of 25? or more
from consideration for high contact ratio gear design. Figure 7 shows that the contact
ratio is also virtually insensitive to gear ratio, especially for ratios above 2.0.
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Tooth pair compliance

The teeth of loaded spur gears deflect a measurable amount which is usually greater
than the manufacturing errors in the gear teeth themselves. The effect of this toothdeflection is the same as that of profile or pitch errors. it comprises a major partof the total transmission error and plays an important part in the dynamic action ofthe loaded gear teeth. It is now well known (Reference 2) that the life of spur gearscan be prolonged and the gears made quieter by making a profile modification to thegear tooth to account for this tooth deflection. Calculation of gear tooth deforma-
tions on loaded gear teeth, therefore, is an important and necessary step in the geardesign process.



The elastic deflection characteristics of an individual gear tooth can best be de-
scribed in terms of a gear tooth compliance coefficient. This coefficient is defined
as the relative deflection, measured normal to the tooth profile and along the line of
action, per unit force applidd per unit gear face width. Thus:

C =(3)

where C is the dimensionless tooth
compliance

E is the modulus of elasticity
I is the normal tooth displace-

ment along the line of action
F is the tooth face width

and W is the normal tooth load

A gear tooth loaded by a concentrated force acting normal to the tooth profile and in
the direction of the line of action is subjected to three distinct types of elastic
deformations. These are:

1) a displacement of the tooth centeiline due to bending and compressive deflec-

tion and to transverse shear deflection-(cantileverl beam deflection)

2) a local surface deformation at the point of contact-(Hertzian compression)

3) a rotation and shear deflection at the base of the tooth due to the flexi-
bility of the supporting structure-(foundation effect)

Analytical expressions for determining these displacements are presented below.
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Bending deformation

Figure 8 shows the gear tooth model to be analyzed for bending deflection an elastic
beam on a rigid foundation. A force W is imposed on the tooth, along the line of
action, at a given contact position on the tooth centerline defined by the height y
above the base. To find the deflection, 6 , at the point of load application due t;
the bending deformations of the tooth, the external work done by the force W is equated
to the sum of the internal energies. Thus:

l M dy + l yl.2Q dy dy (4)

where referring to Figure 8:

M = W cos05N (yl - y) - bending
moment

Q = W cos#N - shear load component
N = W sine - radial load component
I = 1/12 F3 -area moment of inertia
A = Ft - cross sectional area

and G = E - shear modules
2(1+v)



Substituting these relationships into equation (4) and simplifying, yields the follow-
ing expression for tooth bending compliance.

•V1CSlc2 4 fL X(;Y+ [2(1-v) + tan'ONIj,/. 11 (5)

Note that the tooth thickness t is a complex function of y, and encompasses both the
involute profile to its point of tangency with the fillet and a portion of the fillet
itself. The integral components of equation (5) cannot be readily evaluated in closed
form, however, the equation can be solved quite easily using numerical methods and a
digital computer to the desired accuracy.
Hertzian compression

To calculate the Hertzian deformation, the contacting teeth are considered as loaded
cylindrical rollers. Referrring to Figure 9; PI and P2 are the equivalent radii of
curature of the profiles at the point of contact. Weber, in Reference 3, developed an
expression specifically for the local deformation of two gear teeth. Both teeth are
compressed by the force W. It is assumed in this derivation that the compression is
from the point of contact in thc.- direction of the applied load up to the centerline of
the tooth as indicated by the dimensions h and h 2 . This assumption implies that the
compression extends to the center of the tAoth and then is transmitted as a transverse
shear force to the rest of the gear body. Based on this assumption, the Hertzian
compression for loaded gear teeth of the same material is givLen by:

2 W (1-'Y) [in 2 h,+ in 2h 2 - (
'F E b b (1-P) (6)

where

W F EtP, + P3 (7)

the half width of the band of contact.

Note that b is also related to the Hertz stress ac by

E P,+-'(

The tooth pair Hertzian compliance is then

=l 2(; 2)[n h (9)

Note that b in equation (9) is a function of the tooth load and that the Hertzian
compliance is thus an implicit function of W. The solution of this function can be
accomplished by iterative methods coupled with evaluation of the individual tooth loads
developed further in this paper. An initial value of Hertzian stress can be assumed
and the corresponding value of b calculated from equation (8).

Fond..ation f1ei. h-.. . i.-1-

The deflection of the tooth at the load point due to deflection and rotation at its
base can be evaluated by treating the tooth as a rigid beam built into an elastic
foundation and equating the deforming work done by the load W ;o the internal stress
energies of the support.

Based on the geometry of Figure 8 and the work done by O'Donnell (Reference 4) in the
evaluation of influence coefficients; the foundation compliance can be shown to be:

CF = cofl0(l-l) 1[6.67(xL)2 + 24-2) + \ + 4.82 (1 +

it can be seen from this equation that the foundation flexibility is primarily a func-
tion of load position and the tooth thickness at the built-in section. The location
of the base and the thickness t is conveniently defined by a fillet angle VF"
O'Donnell recommends a constant vaiue of approximately 750 for . At this point a
question arises concerning the magnitude of 'Y and the location of t . Cornell, Ref-
erence (5), takes a more rational approach anr calculates the value 9f ^F which maxi-
mizes the total deforming work (bending + foundation) done on the tooth. Figure 10,
reproduced from Reference 5, shows the variation of fillet angle with load position
and fillet radius to obtain maximum beam flexibility. It can be assumed, then, that
the fillet angle should not be considered a constant, but varying with load position.
Using the above procedures, and an iterative ioutine to locate the position of maximum
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flexibility, the support compliance can be calculated for any position along the line
of action.
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Total toth ir pair compliance

The total tooth pair compliance can now be found as a function of load position from
the initial point of contact to the final point of contact. The total compliance is
the sum of the individual compliances.

C T C B1 + CB 2 t+C H+ CFI+ CF2 (11)

Thus the total compliance that eXIsthr at aty phase ot tooth engagemrent can be fortu-
ater theadily tor a single pair of meshing teeth. The compliance curve will be concave

upward shoving a characteristic stiffening of the tooth pair near the pitch point. For
a gear ratio ox unity, the compliance curve will be symmetrical about the pitch point.
For other ratios, the complian e at the tip of the larger gear of the tooth pair will
be smaller than the compliance at the tip of the smaller gear.

Static load sharing in multiple contact teeth

In HCRG, the transmitted load is shared by two or more teeth. To properly design these
gears, the proportiunate load sharing between the loaded tooth pairs must be determined
with some degree of accuracy.

A typic2l compliance curve for a nceC design with a contact ratio of 2.32 would be
shown in Figure 11. The non-dimensional compliance is plotted as a function of the
normalized position of the contact point along the line of action. Referring to Figure
11, thc tocth p oir engage at a and disengage at f. Since the actual distance between
these two points is the length of the path of contact, the normalized distance af is
numerically equal to the contact ratio.

Assuming that. at a particular poinet in the iesh cycle, there are three tooth pairs in
contact; and

Wi' %, 21IV3' the norr,al loads on the successive tooth pairs

ch, c2 ut c3 p the mesh compliance of the tooth pairs at the positions of simul-
taneous contact

ep, em2 ' e 3 ' unloaded relative position error of the mating teeth at points of
contact. (a positive value indicates a gap and a negative value
denotes an interference)

El,' e2 ' e3, amount of profile modification at the specific points of contact (a
positive value or zero)

Note that subscripts 1, 2, and 3 refer to the first, second and third tooth pairs in
contact, each separated by one base pitch.

When multiple tooth pairs are in contact, the total transmission error at each contact
point must be equal to avoid interference. Equating this transmission error of each
contacting tooth pair, we have for three pair contact:
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1 L L + e + ej -e!L a 4. " + W , C + e ,+ e , ( 1 2 )
E F +a EJ EF +2 E.E P

also note that

W1 + W2 + W3 WN, the total normal tranwiitted load.

Solving these equations for the individual tooth loads we get

W2CCI- E F ((e 1 +e,) ( C + C,) - ( e,+e1 )C, - 4 ej+e,)C,] (13)
C1C2+ CIC3+ CýC3

W WNCCj- E F e2 +c2 ) ( C-+ C3) - ( e,+c¢)C, - ( el+ci)C_] (14)W2= " CIC3+ CIC3+ C2C3

W =- wNIC(C- E F [( e3 +c,) (C 1 + C2) - (e,+eC 1 - ( e2 +e2)CI] (15)3 C2 + CI C1+ C2 C3

Similar equations can be derived for the zones of two-pair contact. The results are:

W1 WNC2- F F [e e+ c) - ( e2+!)_] (16)
CI + C2 (6

W E F [(ce2+e2) - ( e,+e,)] (17)

These equations allow one to calculate the individual static tooth loads at any meso
position whin the compliance, error, ans profile relief relationships are known.

28
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Figure II Tooth Pai," Compliance

Assuming, for example, that the teeth are unmodified and the tooth profiles are perfect
involutes, the tooth load distribution on an individual tooth can be calculated as it
proceeds thi,-ugh mash. For the case cited;

el e.. e 3 =0

e = e2  e 3  0

For the 3 pair contact zone;
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C2 C3
WI/WN - CC+ (18)

CC+C 2 C, C

W2/WN C C, C, (19)
0,4j+ C, 02 + C2 CS

CkC2 (20)W /WN = CC,+ C$C3+ C2C,

and for the two-pair contact zone;

. /W. C2 (21)C, + C-3
-2 (22)

CI+c 2

Using these relationships, the tooth load distribution on an individual tooth can be
plotted showing the variation in load as the contact moves along the line of action.
Using the compliance values of Figure 11, such a load diagram is shown in Figure 12.
Note from this diagram that at the beginning and end of contact, and whenever the load
shifts from 3 pair contact to 2 pair contact, and vice versa; there is a discontinuity
in the load distribution. Associated with these abrupt changes in tooth load, there
will be corresponding changes in transmitted angular velocity which would adversely
affect geir performance.

The purpose of gear tooth profile modification now becomes quite evident. Profile
modification is a means of intentionally altering the involute profile to give a closer
approach to uniform angular velocity transmission by eliminating the sudden abrupt
changes in tooth load. The first step in this process is to reduce the load at the
initial and final points of contact to zero. Consider the tooth when it first comes
into contact at a. At tais time, simultaneous contacts are also occurring at c and e.
Assuming again that the gears are error free and that no modification is to be applied
below c on either gear, equation 13 becomes;

W. = Wg�CcC- E F [ f. ( Cc+ CS) -ee (23)

CC+ CC,+ CeC,

equating this to zero and solving for ea:

WWE F CC,+eC, (24)•"= cc+ Ce

similarly,

ef WW/E F CbCd+ebCd (
C+ Cd(25)

Let tie torm of the profile modification be represented by:

6 c T)( 1- (26)

and

CR - S)&
e= e,( 1- C (27)

where s is the normalized distance from the initial point of contact and 1 is the
length of the modification as shown in Figure 13..

then

W c CR-2.a
_. C= C.+ e,( 128

e.= C'+ CS (28)
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CbCd+ e,( 3.- CR-2a)CCf = • - m •(29) '
Cb+ Cd

note that the bracketed terms in equations (28) and (29) mus be either positive or
zero.

Solving these two equations for 4a and ef

cC * (Cb+ C .1) + C bC CCd ( l - O il) (30N.= W••_• (30)

(Cc+- C.) (C,+ C.1)-(l -~ CR2\d

qT = W• CbCd (CC+ CO) + CCCdC, (-

E (C + C.) (Cb + Cda-(l- * - C(31)

If the start of the tip relief is limited to the tip of the tooth, outboard of b, theabove equations simplify to:

-.' ýh _2C1 (32)g,- EF Cc+ C.

and

f= W Cb+ Cd (33)

and the profile relief, as a function of S is given by:

= W_§ - (34)EF= cc+ C'

e =5 S ] S <(CR-], )(35)
•l~ =,,( 1 -Tt f
WA Cb C f (CR-]1f)_ S!5CR (36)CbL:+ Cd 

4

C ef

Figure 13 Irofilv Relief Distribution 0 1
.5 .0 1.5 2.0 2.5

Figure 14 Load Distribution with Tip Relief

When these profile deviations are substituted into equations 13, 14, 15, 16 and 17; theindividual tooth loads for any value of 5 can be determined. The resulting change inthe load diagram will be as shown in Figure 14. Thus the profile modification effec-tively removes the load discontinuities and results in a smoother load transition and amore uniform velocity transmission. The actual shape of the load distribution curve inthe three-pair regions depends upon the value of the exponent and the modificationlength 1. Figure 15 shows the effect of varying these two parameters. It is apparentfrom this figure that 1 has more influence on the load distribution than does a.
The effect of tooth errors on the tooth load can be handled in much the same fashionbut it is inadvisable to try to correct tor index errors by profile relief since theyare random in nature and unpredictable with respect to sign. When a tooth is out of



position with respect to adjacent teeth, it will take more or less load depending upon
whether the error is positive or negative. The resulting load distribution for an
error of EFe/wn - -. 85 is shown in Figure 16.
It can be seen, from this diagram, that the maximum load increases by about 6% due to a
tooth spacing error which is equivalent to ipproximately .0002 in.

Dynamic load analysis

The effect of profile modification and random tooth errors on dynamic tooth loads can
be estimated most simply by applying an appropriate dynamic multiplying factor to the
static loads. Since the dynamic load really is an incremental load superimposed on the
transmitted load, this approach is subject to error, particularly at the low load
portion of the spectrum.
A more systematic approach would be to calculate the total dynamic load using a suit-
able dynamic tooth model which takes into account both tooth profile modification and
tooth errors. Such a model, used in the analysis of Reference 5, is shown in Figure
17. This model assumes that the two mating gears act as the variable springs of a
dynamic system excited by the non-linear meshing action and stiffnesses of the gear
teeth.

Referring to Figure 17, the differential equation of motion between the two gears can
be written as

n
M Sr + d Sr + E Wj = WN (37)

j=l

where Wj is the individual tooth load, W is the total applied load, S = S1 S the
relative motion between the two gears, d Ps the damping factor. and n is'the n;bmr of
tooth pairs in contact. This equation in dimensionless form is:

n
V+ 2 + F, NW.A =l (38)

j=l

where

Sr k0 /,% k0 o stiffness
at pitch point

= M i"A -_ AN

and J is the damping coefficient.
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Figure 15 Effr,'ct of.Kand Ion Tooth Load

Because of the variable tooth pair stiffnesses acting during the mesh, differential
equation (38) is non-linear so that the closed form solutions will apply for only an
instant in time and are thus piecewise continuous through the mesh. To solve this
equation a time history solution is used, stepping through the mesh cycle in small
dimensionless time increments during which the tooth stiffness is assumed to be con-
stant. In this way solutions can be obtained for the deflections and resulting dynamic
tooth loads. Implicit in this procedure however, is the knowledge of the initial
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values of y and y. These can be obtained by interaction on the basis that after the
passage of one gear mesh (AS = 1), the gear displacement and velocity miust be the same
as that foý the starting condition, when no gear errors are involved. T±he solution for
the case with tooth errors is done then in two steps; first, the iterative solution is
obtained fot the zero-error case as discussed above. Then starting with the known
initial conditions of 4 and y, the analysis is run on a consecutive mesh basis, intro-
ducing the specific error on &ny tooth or teeth desired. A more complete discussion of
the details of this procedure is contained in Reference (5).

.Tooth with Spacing Error

Position Along Line of Action

Figure 16 Effect of Tooth Error

The results of a dynamic analysis accomplished by the procedure described above, using
the same tooth design and spacing errors is shown in Fig,'re 15. These results show
that, for the particular speed used, the dynamic analysis predicts lower loads than the
static analysis in the two-pair region and higher loads in the three-pair region.
Different results might be expected, however, at other speeds, at other values at
profile relief, or at ioweL damping.

Thus the load distribution in a HCRG design can be adequately calculated using either a
static or dynamic analysis for a given profile modification and error condition. A
NASA-Lewis sponsored test program is now in progress at Sikorsky Aircraft to experi-
mentally evaluate the above design procedure. Results will be available early in 1982.

Stress sensitivity

Many methods for calculating the stress sensitivity of spur gear teeth are available.
-See References (6), (7), and (8). The applicability of these methods to HCRG was
evaluated in Reference (5). It was concluded that a modified Heywood analysis produced
results which compared most faborably with test results.

S n-2 n-1 ml .1 n-2

P itch

- / -- --

Figure 17 high Contact Ratio Dynamic Load Model
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Buttress tooth form

As has been discussed previously, the HCR tooth configuration is inherently weaker than
a conventional low contact ratio for the same load design, and any strength advantage
obtained is the direct result of multiple load sharing between successively contacting
tooth pairs coupled with adequate profile relief and error consideration. One means,
presently being tested at Sikorsky, for regaining some of this lost strength while
retaining the high contact ratio feature, is the use of a buttress tooth form. Stated
simply, buttressed teeth have a larger pressure angle on the coast side of the teeth
than on the drive side resulting in the asymmetric tooth form shown in Figure 18. This
design has a thicker tooth section at the base of the tooth where the bending stresses
are concentrated, albiet with a smaller fillet radius and reduced topland thickness.
The net result of this buttressing reflect, however, is a stronger tooth for the same
contact ratio. The percent improvement in strength factor is shown in Figure 19 for a
drive-side pressure angle of 200 and various coast-side pressure angles, and for three
load-application points.

TIP

Low Pressure Angle on Drive Side - To Obtain Contact;--2 12

High Pressure Angle on Coast Side - Decrease Tooth Bending Stress

S10

20" PA. Drive Side -i 250 P4A- Coast Side 8 LPDPC

'J_'• I -- o,_PtDo
PAth -8Z

Diameter 2 Pair

Pair6

2 Pairventional - 4
aPa.ir Tooth 4

20 22 .5 25 2,.5 30J
Figure 18 Buttress Tooth Form

Coast Side Pressure Anglej

Ftgure 19 Strength Increase of Buttress Teeth

Constant relative radius of curvature

one of the disadvantages claimed of the involute gear tooth form is the rapidly dimin-
ishing radius of curvature of the tooth profile in the vicinity of the base circle.
The relative radius of curvature at any contacting point is given by;

P1 PaRe = P (39)

where P1 an-,d arc thcrad4iiof curvature of the rocnertisxp tepth ait the contact
point. it can ge seen, from this relationship, that the rela.tive radius of curvature
is always smaller than that of the smaller gear. Thus as the point of contact ap-
proaches the base circle (as it must for HCRG), the relative radius of curvature
approaches zero. Since the contact stress between the contacting gear teeth is in-
versely proportional to the relative radius of curvature, it becomes increasingly large
as the radius of curvature becomes smaller. Not only does the contact stress increase
as contact approaches the base circle, the sliding velocity increases also, and the
scoring hazard, which is a function of the product of contact stress times sliding
velocity, can be proportionately larger for HCRG than for conventional gears.

To correct these disadvantages, it is possible to design and fabricate, teeth that
deviate from an involute curve to the extent that the individual tooth curvatures will
give essentially a constant relative radius of curvature across the entire working
profile of the tooth. This can be accomplished by using an S-shaped line of action
which can be generated by a similarly-shaped hob. This approach will reduce the
contact stress at the extreme points of contact thus reducing the scoring hazard
without affecting the contact ratio.

A further advantage of the constant relative radius of curvature (CRC) concept is shown
in Figure 20. The interferance point is defined by the intersection of a radial line
passing through the gear center and normal to the line of action. In the CRC gears,
this point is closer to the gear center and thus, the practical minimum number of teeth
on the smaller gear can be reduced and the undurcuting limitation virtually eliminated.
Thus the CRC tooth form has two advantages -- 1) lower Hertz stress will occur at the
tips of the teeth where scoring hazard is highest and 2) fewer numbers of teeth are
possible on the driving member resulting in higher possible single-mesh ratios.
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The effect of the CRC tooth form on load sharing and tooth bending can be addressed by
calculating the deviations of the CRC profile from the involute profile and introducing
them as profile deviations in equation (13), (14), (15), (16), and 17. This potential
modification to the HCRG design will be evaulated at Sikorsky in the near future.

FABRICATED TRANSMISSION HOUSING

sikorsky Aircraft has been pursuing the fabricated housing for high temperature opera-
tion since the early 1970's. An ATL funded study showed that an appreciable weight
savings could be achieved through fabrication of a steel or titanium main transmission
housing. An in-house effort then resulted in the fabrication of a tail gearbox housing
for the RH-53 helicopter. This stainless steel housing, Figure 21, resulted in a 10%
weight savings for the same stiffness as the production magnesium housing.

Limi', of Action - CR -

/- Interf' rence Point - inolute

Ilti,' t•A'Jtl O0 - ,IVOlt,"•.

1ntf-r, rence Point - (R( C .

Finurp2t) (:gmrrratz'c ntert ,ne', irts - CR(Cvs. faints tcl'rofdi.' h eni r 21 R1-53 Pi.'F •,'nt,,iTaGilConer!,,r You sig

Material selection

Stainless steel was chosen in these studies for its strength, ease of fabrication, and
welding characteristics. Other materials were evaluated, however none measured up to
the overall attraction of stainless steel for continuous operation in the 4500 - 550'F
range.

Aluminum alloys 6061-T6 and 7175-T736 are not viable candidates for advanced transmis-
sions because the operating temperature of the gearbox without an oil cooler is above
the aging temperature of aluminum. Magnesium alloys, although 1000 higher in aging
temperature than aluminum, are still too close to the operating temperature for long
term sLability. a'wo high-temperature magnesium alloys do exist but corrosion resist-
ance is low.

Titanium alloys are viable candidate housing materials, howaver, the higher cost of the
end-product does not appear worth the small weight savings when compared to stainless
steel.

Composites offer the promisc of good ballistic damage resistance, and resins exist
which will resist temperature and synthetic oils (polyimids), but the low thermal
conductivity across the resin (in the order of 0.3 BTU/ft/hr ft 2 0 F) does not allow
sufficient heat dissipation by radiation to eliminate the oil cooler. Also, this
material does not appear to have the weight savings potential of a stainless steel
gearbox without an oil cooler.

Carpenter Custom 450 was selected from stainless steels such as 15-5, 17-4, and 17-7.
In the final analysis, two parameters determined the selection of the alloy. First,
housing stiffness requirements are more stringent than strength thus allowing the use
of a lower-strength material with increased fracture toughness. Second, Carpenter
Custom 450 appears more amenable to welding processing than any other alloy. Carpenter
Custom 450, a minor modification of 17-4 PH, has the required strength and stiffnessproperties and improved welding characteristics needed for high volume production.

The chemical compositon of Carpenter Custom 450, given in Table 1, has been balanced to
achieve a martensitic structure in all conditions of heat treatment. The carbon
content of the alloy is extremely low. This results in a tough, ductile martensite
which resists cracking in the weld metal and the heat-affected zone of the parent metal
and, because of its low carbon content, preheating prior to welding is not necessary.

"L:'IIII
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Housing design

The design goal for this program was a housing stiffness equal to or better than the
BLACK HAWK magnesium housing, Figure 22, and a 10% weight advantage. Since the
specific stiffness E/P, is basically the same for titanium, steel, aluminum and magne-
sium, the weight saving was to be achieved by more efficient design, i.e., without the
limitations imposed by current casting practices.

(Carbon 0.05 mnax Chromium 14.0I/16.00

AManganese' 1.00 max Niek,'l 5.00/7.00

Silicon 1.00 mat Molybdenum 0.50/1.00

I'htsph,~nts 0.03 mrex Copper 1.25/I. 75

Sulfur 0.03 max (I olnmbiu, 1i X C "Il

Table I Carpnler Custom 450 CormpoitionL-l'rreent

Figure 22 !ILACKIIA WK Cast Magnesium Housing

The fabricated housing, Figure 23, is of semi-monocoque design and is comprised of a
sheetmetal shell to which stiffening ribs are w-lded. The ribs provide the supports
for the inputs and tail take-off and transfer t ie main rotor bearing loads into the
airfrano,!. The shell reacts the shear loads and retains the lubricating oil.

Puinitc element analysis (NASTRAN) was used to design the housing to withstand a simu-
lated forward crash load of 20 g's without undergoing catastrophic failure. Con-
straints imposed by having to retrofit existing hardware prevented optimizing the shell
to carry this 20g load (equivalent to 67,400 lbs at the rotor centroj.d.) The addition
of ribs to the shell provided the primary path for the main rotor loads and for attach-
ment of the housing to the airfrme. For a forward crash condition, the fore and aft
ribs are the primary members. Maintaining structural integrity of these members
prevents catastrophic type failure. Whereas magnesium housings, if tested to destruc-
tion, would fail in a brittle static fracture mode, a steel housing will fail by
buckling and/or instability.

The NASTRAN model used for the stability analysis is shown in Figure 24. This model
contains 8963 degrees of freedom and is made up of primarily the CQUAD 4 isoparametric
membrane bending quadilaterial elements. Plane stress elements were used for the

braces and tail rotor take-off.

Figare 23 Fabricated Si,',I Housing Figure 24 NASTRAN Model- Vabricaled tousing

SI I I I I I
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With the load applied at the centroid of the rotor system, the stability analysis
revealed three distinct buckling modes occurring in the skin up to the 20g load. As
NASTRAN is a linear analysis, post buckling analysis is not possible, however the
assumption is made that load redistribution due to buckling is not severe since it is
assumed the ribs are carrying the majority of the load. Based on this assumption, the
stresses in the housing were evaluated as shown in the ISO-stress contours of Figure
25.

.two housings were fabricated at Sikorsky Aircraft. A special welding fixture was
designed to permit logical assembly of detail parts for welding. The bearing journals
and flange details were machined from ring forgings and .060 inch sheet stock was
butt-welded to form the cylinders and cone. Assembly was by manual gas tungsten arc
welding using strips of base material as filler. The heat treatment of the housing was
performed on a holding fixture and consisted of a vacuum solution anneal at 1900'F for
15 minutes followed by an aging cycle of 10250 F for 4 hours.

A complete dimensional inspection was performed after welding and aging to check
material dimensional changes and distortion. It was observed that subsequent to the
aging cycle, a dimensional shrinkage occurred, however, ai ansolute value of a shrink-
age coefficient could not be established. The amount of shrinkage is dependent not
only on the material characteristics but also on the structural configuration (re-
straint offered by the massive rings o0 the thin sheet metal).

Final machining was accomplished, after heat-treatment, utilizing production tooling
and machinery. To prevent excessive chatter and possible pick-up and seizure of the
material, Rigidetex, a plastic compound, was molded to the input housings. The dampen-
ing characteristics of this material eased machinability of the input bores to the
close alignment tolerances required for successful operation of the input bevel pinions
and gears. The housing was vapor blasted and passivated to achieve the desired matt
finish for optimum heat-rejection and corrosion resistance.

The fabricated housing eliminated the requirement for hardened liners thereby elimin-
ating secondary machining operations. Through-bolts are used exclusively, thereby
eliminating the requirement for added material and machining for threaded steel in-
serts. This resulted in attainment of a 8% savings for the fabricated housing which is
estimated to weight approximately 102 lbs in its final configuration compared to the
cast magnesium housing weight of 110 lbs.
Thus, the fabricated stainless steel hnisiinn nfferc a uJ lahic +1terrat*,e t tht a

magncsium alloy casting particularly where high temperature capability and surviv-
ability are design requirements.

Correlation of static test results with the NASTRAN stress analysis is yet to be
accomplished. Futyre plans also include a system integration test which will determine
heat rejection rates, noise radiation, and structural stability.

j /-
rtL

Flure 25 IS0S ress Contours

Conclusions

The load distribution in a high contact ratio gear design can be adequately calculated
using either a static or dynamic analysis for a given profile modification and ertor
condition. The design can be further enhanced by including the buttress tooth feature
and modifying the profiles to give essentially a constant relative radius of curvature
in the tooth contact to reduce the scoring hazard.
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The fabricated stainless steel housing offers a viable alternative to the conventional
magnesium alloy casting particularly where high temperature capability and crash
survivability arc design requirements.
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DISCUSSION

i.Saravanmutto, Ca
Could you comment on the recuperated configuration where the heat exchanger is located between the gas generator
and power turbine? Concern is that temperature level at this point would be much higher than that previously used.

Author's Reply
To place the recuperator upstream of the power turbine is a rather new consideration. However, no studies have been
made as yet in Germany to evaluate this arrangement. The description of Figure 13 of my paper states that in this
arrangement the recuperator is bypassed during full and emergency power. This is done to protect the recuperator
from temperatures hotter than in the other installation. Your comments on the heat exchanger bypass is contained
in my paper under 'disadvantages'.
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SUMMARY

This paper discusses the design philosophy of the Agusta A 129 drive system which is
actually under development to meet the modern requirements of the Armed Forces for a
light helicopter in the anti-tank role with night and day fighting capability.

Efforts have been made to meet the stringent requirements of system layout and to
achieve low weight, high life, maximum reliability, survivability and ballistic teleran
ce, through integrated system design, modular concepts, use of redundant system and dry
run capability.

INTRODUCT ION

The transmission system discussed in this paper was designed for the A 129, helicopter
now under development at Agusta, in conformity to the Italian Army requirements for a
light anti-tank helicopter.

The •nnct satrlniant renuiirement_ fnr the hslicnnter are m

- twin turboshaft power
- inherent provisions inside the mast for the installation of a night and day visionics

system
- transportability

- ballistic tolerance

and for the dynamic system

- 2500 hours min. T.B.O.

- 30 minute safe flight capability after loss of lubricant
- accessories ground run capability with main rotor at rest.

In addition to the above requirements, are also requested;

- ease of maintenance
- high reliability

- good weight/power ratio

DES IGN PH1 ILOSOPHY

An extensive and laborious redesigning of the main trasmission lay-out was required
during the preliminary study phase for a rational integration of the transmission into
the helicopter, because of the limited space provided for the dynamic system and the adop
tion of unusual requirements.

An easy maintenability is an essential feature in a military helicopter to achieve
maximum system reliability and thus minimize mission abortions.

Experience however teaches that "maintenance generates maintenance" and accordingly
the reliability of a mechanical system is even lower when life limited items are invol-
ved. Starting from the fact that some parts may fail, the introduction of modularization
criteria for the subsystems of a primary system such as the main transmission, can make

maintenance easier, allowing the replacement of high failure risk modules and then elimi-
nate the possibility of adversely affecting reliability, for the greater the separation
between the modules the lower the risk of secondary damage.

These criteria have been complied with during design, with the result of achieving not
only a satisfactory accessibility to the main drive system and engine modules, but also
to the accessories and hydraulic components located in the same area.

From this viewpoint the main transmission has been partitioned into four partially in-



dipendent subsystems with possibility of disassembly directly on the helicopter.
The modules are :

1) Input quill first reduction stage and actuated free wheeling,
2) Main gear case housing the II, III, IV. reduction stages,
3) Upper case with main rotor mast and bearings,
4) Accessories gear box.

In addition to modularization the possibility has been retained of Indipendent removal
of traditional maintenance components such as free-wheels and lubrication pumps.

The lubrication system was designed featuring two modules: the first with the cooling
fan straight connected to the accessories gear box; the second integrating the cot r body,
filters, bypass thermostatic valve, pressure relief valve, safety and check valve, with
no need for external oil line and fittings.

Besides the unusual but recurrent external limitations,to the A 129 transmission was
imposed an internal limitation as well, constituted by the large diameter of the mast.

As it is possible to see from the transmission scheme, the mast diameter has no allo-
wed to achieve a great reduction ratio for the planetary stage, because large dt -:eters
proved necessary for the sun gear, the shafts and the bearings coaxial with the mast itself.

In order to overcome these limitations,the transmission ratio of 78.2 was obtained
through four reduction stages tailored in such a way as not to interfere with the ring
diameter of the planetary stage, which on the other hand, was required to provide a ra-
tional suspension system for the transmission.

The selection of the four reduction stages was positively evaluated during the preli-
minary design phase, because it proved convenient even with respect to weight optimization.

The use of spiral bevel gears for the first two stages has allowed to free the power
transmission scheme from engine center distance and mounting attitude, and to contain the
collector gear diameter ( third reduction stage) within the planetary ring gear diameter.

Moreover this solution has allowed to position the free-wheels in an area accessible
from the outside without removal of the first stage transmission module and allowing for
the power line of engine n' 1 only,to incorporate disingagement provisions for the free-
wheel, as necessary for ground running the accessories with the main rotor at rest.

With the advent of stringent military requirements for attack helicopter survivability,several design vulnerabil it y asipe nts have been ex lo ed an aron thw....r v h t

smission systeiu scheme,which for the A 129 has been designed to feature duplication of
the rotor-engine power line up to the end reduction stage ( planetary ).

The modular transmission lubrication system has been designed to duplicate the most
vulnerable conmponents keeping them as far as possible apart with no need for connec-
ting lines.

Also the main transmission suspension system has been designed with vulnerability
rationale through the adoption of eight large diameter rods, convergent into duplex
junctions, which have already been experimented with success on the A 109.

Vulnerability criteria were given paramount importance in the design of tail rotor
shafting. The choice of a supercritical system was primarly dictated by the requirement
for large diameter shafts which not only had to feature ballistic tolerance but also had
to guarantee torque transmission following a hit.

The weight increase generatd--_ -by--use of o.o. rslzo• diameter shafLs with respect
to the normally transmitted torque, is partially recovered by the suppression of the
hangers necessary for a subcritical (rive systems, thus minimizing the number of couplings
and bearings, which generally also reduce system reliability.

An intermediate or tail rotor gear box, lubricated by oil, may be adequately designed
to providd required failsafe operation as well as to meet vulnerability requirements, one
of the basic advantages of the oil lubricated gearbox is the possibility to place an
electric chip detector in the best location to monitor metal chips generated by gears
or bearings failure. An oil temperature sensor may also be easily installed.

However seal leakages and complete oil loss problems, have suggested the use of
grease lubrication for these gearboxes.

This kind of lubrication requires gearboxes of particular internal architecture such
that the grease migrates within the cavities around the parts to be lubricated, thus
providing several compartements which prevent that grease be completely drained in case
of ballistic casing damage.

| | | $ | | | $ | | |5
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POWER TRANSMISSION SCHEME

As mentioned above the main transmission is a four stage reduction system.
The first and second stages consist of spiral bevel gears, the third stage of helical

gears which drive the final gear consisting of a spur gears planetary system.
The tail rotor shaft is driven directly by the collector gear and by a spiral bevel

gears sot.
The accessory gearbox can be driven both by the collector gear (in flight) and by

the gear shaft of the left engine first stage ( on ground) and has the possibility to
drive one alternator , a hydraulic pump, an ECS filter compressor and the lubrication
oil cooling fan.

The power transmission scheme is completed by two engine shafts provided with flexi-
ble couplings and by a supercritical shafts system which drive the intermediate and the
tail-rotor gearboxes.

CONFIGURATION AND WEIGHT TRADE-OFFS

Because of its functional features the A 129 transmission does not fit into a normal
weight comparison diagram versus the ratings integrated by transmission ratios. i

As a matter of fact its weight is greatly affected by the mast dimension which houses

a part of the stationary and rotating flight controls and by the accessory gearbox which
can be driven both in flight and on ground with rotor at rest without the aid of an APU.

However in the design definition phase all the esperimented technological features
necessary to minimize weight have been applied to each component without altering the
component functional features.

DESIGN CRITERIA

MAIN ROTOR TAIL ROTOR

CONDIT ION OUTPUT OUTPUT

A V
RPM SINGLE TWIN RPM HP RPM TRUST HP

HP HP - kg

STATIC LIMIT 27000 1341 2196 346 1982 1657 708 466

TRANSIENT .. .. .. .. .. I 596 371

2 1/2 MINUTES .. .. .. .. .. 460 254

60 MINUTES 27000 894 .. .. .. 374 182

MAXIMUM CONTINUOUS 816 1464 346 1318 345 140

100% POWER RATING 732 1464 346 1318 345 140

£ based on sea level, ISA standard day

Y based on hovering at 2000 m , 350 C, with factor of 1.20
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GEAR DESIGN CRITERIA

The first two reduction stages consist of spiral bevel gear sets. Being the pitch
line velocity of both gears very high ( > 10000 ft/min), the gears have been designed
featuring limited dynamic loads and thus minimize the probability of scoring and bending
overstressing. To achieve the required dynamic load condition, fine diametral pitches
and high mismatch contact ratios have been adopted In conjunction with low design bending
stresses; surface roughness has been limited to 16 CLA max. to assure a good tribological
behaviour. The small teeth size has implied verification of the top land thickness
in order to avoid problems of overcarburization.

The third reduction stage consists of two helical pinions driving a collector gear.
In this reduction stage the choice of helical teeth was a trade-off between weight,

face contact ratio and axial thrust; moreover a fine diametral pitch allowed a thin rim
with relevant weight saving.

To provide a smooth run and consequently low noise level a face contact ratio larger
than 2.0 was imposed for both helical and spiral bevel gears.

The final reduction stage is a spur gear epicyclic system for which a high gear ratio
could not be achieved be:ause of the stringent dimensions imposed to the sun gear and to
the fixed ring. However a gear ratio of about 3.0 for this application was judged
satisfactovy.

In order to achieve the above gear ratio and at the sane time save system weight, a
pressure angle of 250 was chosen for the sun-planet mesh and of about 170 for the planet-

ring mesh.
To allow a good load sharing and =oncurrently reduce the effect of the vibrations on

the main case,a flexible flanged ring gear was adopted. This solution was already success-
fully adopted on the A 109 main transaission.

As mentioned above the accessory gearbox t'as the peculiarity of being driven in two dif

ferent ways, which implies that each gear can be driven or driving.
For the drive train of this gearbox were selected spur gears, expressly designed to

avoid "scoring" in both running conditions.
The shape and the stiffness of all main transmission fast gears will be analitically

dimensioned by means of a computer program capable of Predicting their natural frequen
-e wich shall be late cxcictlyrcnrd

BEARING DESIGN CRITERIA

The Lle life for all bearings has been calculated with the aid of ý computer program
for high speed bearings, which in the statistical determination of life takes into acco-
unt the internal loads gunerated by centrifugal forces and by gyroscopic moments.

The bearing internal geometry has been devoted careful attention to offset the effects
resulting from rolling element dynamics; in fact a sudden change ir ball control at such
high speeds can cause catastrophic failures because of the quick wear caused by friction
temperature rise.

Besides, high speed bearings failures have such a. high progression rate that they
cinjut be tinmely detected by convontlonal diagno-•+c • yto•ms.

For these reasons high speed W-arings have been designed with a higher than average
reliability parameter and their nousings have been provided with temperature bulbs to
detect any sudden rise which is an indication of malfunction.

All roller bearings have innor races worked integrally with the shaft to avoid inner
race creeping on the respective shafts.

The reliability of all bearings has been further increased by the use of M50 VIM-VAR
steel for the rolling elements and rings and by the use of Filver plated steel cages.
These ,naterials are essential to overcome the high temperatures during the oil Jff run
condition.

Both inner races of the mast bearings are also worked integrally with the shaft made
from ESH 4340 (HRC 53+55) , thus avoiding large diameter nuts.

FREEWHEELS

Sprag type 'flutches are installed in the first stage spiral bevel gear dostgned so
that they angage centrifugally. This feature ensures a continuous contact between
sprag arid race and ensures smooth reingagements at speed, after a period of freewheeling.

A good tradeoff between weight and cist has encouraged the selection of this kind
of clutch.

The shaft of input N' I is axially disrlaced so as to prevent freewheel engagement
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and thus Independently drive the accessories gearbox on ground.
Further, in order to avoid the risk of axially loading the sprag, the spiral bevel

set was designed to take only radial loads on the gear.

LUBR ICAT ION SYSTEM

The lubrication and cooling system consists of two volumetrical gerotor pumps which
suck from different sumps and feed two separate lines provided with relief valves and
filters.

The two systems are integrated with sump-mounted mechanical safety valves, eccessive
differential pressure sensor, and fluid-mechanical valves which cut off the oil flow
if a damage exists on the line.

Cooling is provided by a single fan which supplies the air flow to the two indipendent
r6cdiators which too incorporate thermal bypass valve.

Entreme care was exercised to avoid the presence of external lines and fittings and
to make the oil Jets of the lubrication line inside the transmission, accessible for
irspuection.

In addition,suitable provisions have been developed to ensure safe oil off running
condition, such as servicing the gears with impregnable material and collection sumps
having the functioi to gradually return the oil for a short time, in default of normal
lubrication.

D IAGNOST ICS

The A 129 is provided with an lnhegrated Multiplex System capable of processing the data
fed by the sensors from the critical points of the drive system and of making them avai-
lable to the pilot continuously or on demand.

As said above, the tall rotor gearboxes are grease lubricated, and they need accelero-
meters as detecting equipment.

The main transmission is oil lubricated and is provided with the normal instrumentation
to survey pressure and temperature. Iv is also provided with a Quantitative Debris
Monitoring (Q.D.M.) system to detect the magnetic chips gcaerated by the failure ol

bearlngs, gears, etc.
Thermal probes integrate both the tail rotor gearbox accelerometers and the first

stage QDM system of the main transmission.

VULNERAB;LITY

One of the most important requirement of the Italian Army is that the helicopter be
able to fly for at least 30 minutes if hit by a 12.7 caliber bullet.

The whole transmission system of the A 129 wr.s designed reflecting this requirement
and a great care was given to the most exposed areas in such a manner that all gears
were straddle mounted, bsarings were protected by ESR 4340 steel liners of adequate

thickness and hardness; the lubrication system were the most redundant as possible; and
the rotating parts could futcLion for at least 30 minutes without lubrication.

The temperature rise due to oil off running was taken into account dimensioning the
gears backlash and the bearings radial play, and selecting no preloaded ball bearings.

The tail rotor supercritical shafts,the grease-lubricated gearboxes and the main
rotor shaft which have the iunction to protect the rotating controls, were also designed
reflecting vulnerability criteria.

CONCLUS IONS

Respondence to the imposed requirements has been achieved through integration of
the tr.ansmission system into the helicopter, principally through the adoption of design

rationale and confining new technologies to those components, which because of their
nature, could not be conventionally developed.

During components deaign developmetnt, preliminary tests shall concurrently be conduc-
ted in order to substantiate the choices made in the course of the preliminary study
phase and thus limit risk areas in the course of assembly cevelopment tess.
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APPENDIX A

A 129 DESCRIPTION

The Agusta A 129 is a light, twin turboshaft powered, combat helicopter under deve-
lopment for the Italian Army use, primarly in the anti-tank iole. It has a single.
four-blade, articulated main rotor and a two-blade, semirigid, tail rotor.

The crew of two Is seated in tandem with the aircraft commander/pilot seated aft and
above the copilot/gunner. Armament is carried on four pylons mounted on stub wings.

The primary armament is the Hughes Aircraft Company TOW missiles system. Rockets,
machine guns pods, and external fuel tanks can also be carried on the armament pylons.

Propulsion is provided by two Rolls Royce GEM-2 engines capable of developing up to
918 SHP each.

The take-off gross weight in the Italian Army primary mission configuration is
8080 lbs ( 3665 kg).

The A 129 has performance comparable to that of the U.S. Army's Advanced Attack Heli-
copter (AAH) but is considerably smaller and lighter. The AAH, of course, carries twice
as many missiles as the A 129.

The A 129 is the first helicopter to protect the upper flight controls from ballistic
damage, wire strikes and icing by placing the control rods and the swashplate assembly
inside the main rotor shaft. An inner stationary mast provides inherent provisions for
installing the stationary or telescoping Mast Mounted Sight (CMS).

The Integrated Multiplex System is the single most significant teature in the A 129.
It provides this small helicopter with unprecedented capability and flexibility.
The heart of the IMS is a reduntant MIL-STD-155313 data bus communication and centrali-

zed data processing system which totally integrates navigation, communication, flight
instruments and controls, system management, aircraft monitoring and maintenance recor-
ding, greatly reducing crew work load.

In addition the A 129 is a "tough little machine" which is difficult to detect, dif-
ficult to hit and if hit can continue flight for at least 30 minutes, but if it does
crash the airframe is crashworthy,and the crew is protectnd and will survive to the 9 0 th

percentive of a survivable accident (as defined by MIL-STU-1290).

I S

AGUOTA A11l
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DISCUSSION

Unknown Questioner

Have you conducted tests of the air intake shown in your paper to determine whether or not they will accommodate
foreign object ingestion?

Author's Reply
Although the shape looks peculiar, tests have been conducted to measitre its resistance to foreign object damage.
Ice or dust effects are still to be determined.

Same Questioner
How successful have you been with the post-to-carrier attachinent system described in your paper?

Author's Reply
No problems have been encountered thus far in the program.

I

I
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LB DEMVEWPPVIENT DES HELICOPTERES EN FRANCE
par

llIngdnieur en Chef de 1*Armenient
DANIEL BEETHAULT

Chef du D4partement H6iicoptires
du Service Technique des Progranmmes A6ronsutiquea

4, avenue de Ia Porte d'Isay
75 996 PARIS ARNEES

Les deux dernl~rea decennica ant correspondu, pour IVindustrie frangaise des hdflicopt~res, h une N~riode
de croissance rapide Id'uno part lee forces arm~es nationales 4taient dot~ea, en quantiths significatives,
d'appareiis siilitairea bien adapt&$ h leur finaiitd op-grationnelles et do bonnes quaiitis techniques, d'autro
part des auccas considdrables itajent obtenus, sur le marchd do Ilexportation, aussi bien avec lea hdlicopt4!-
roe mulitaires qu'avec dsautrem machines, A vocation civile, d~velopphes en prenant en ccmnpte lea imp~ratifs
du niarch6, et se ciaseant souvent de maniibre tria favorable par rapport aux produits do la concurrence.

La prisentation qui suit retrace lea caract6ristiques ossontielles du d6veloppement des h6licopt~ros
en France durant cette phriode.

Bile analyse par ailloure is ligne directrice et les niodaiit6s do l'action des services publics dans ce
doamaine,

Enfin, en difinisaant les besoins future et lea axes d'action, cule esquisso lea perspectives pour lo
futur.

1. HISTORIQUE DES DEVELOPPMENTS D 'HELICOPTERES PRANCAIS

La planche 1 reppello Is succession des diff~rents programmes dlh6licopti~ros franvsis, avec la quantit6
totale cumul~o d'appareils produita par Iuindustrie nationale. (Lea dates indiqudes sont coelle du premier
vol du prototype).

1i oat int~resaant de situer cotta ivolution dana he cadre do il6volution mondiale du produit h6licopt~reI

"MAR Or 35) rLPRATIW,
HE LICOPTERS5
IN SERVICE MrTLtITY

AS -3atoT(A2OI

A/C SOLD 1) .SA ItIf CWtiDLO
SA 365 ZN EEAIN CSSDCES

DA .UPHI -1 OPERATIONAL. CAPABILITIES a
241-5TLM505HAFI ENGINE EXW TEDED

I IHELICOPTERS -SPECIALISATION41

AS 35AS ISO - HELCOPTERS ARE uTILISAYIOdN
£CLSCUIL GETINGc RELIABLE. WIE C183 DFYASIMN
27.6.74 15 sENRAIr AUTRM STILL INPCREASE OF CIV ILIAtS

COSTLY. UYILISATIII3S .1
(1AUPMN INDUSTRYS A 36 EIOPES'

4009SA 15 15.4.NINDSTR

11.66 32300M. 
-

12.4.60

340004

ZR .2 Z.51

AL11 I

1,fi55 6a 62 (A 66. 7D 72 74 76 70I 1946 48 50 52 54 56 MR 60 62 64 666570 727476 7680 02 f194

- - SejJ~u~.iPLA&NCHE 2
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En coinparant coin doux planchos, Von conatato quo 1'activiti franigaiso a suivi cotta hvolution mondiale,
o t lVa mime, dana cortains cam, dovancia.

Pour cosmmentor rapidemont cot bistorique, Jo distinguorat trots cat~gories

- les apparoils des annhos 1960

- lea apparoils do l~a coop~ration franco-britannique

- lea apparoils do is nouvello gammo.

1.1.- Les apparoila des annies 1960

Il s&ogit do la faisille does ALOUETTE et du SUPER FREWON.

111-Los ALOUETTE

1..11. LLUETTE 11

Apparoil d6volopp4 on 1955 pour romplir au profit do l'Armdo do l'Air, do l'Arm6e
do Terre ot do l~a Marine lea missions suivantos

- liaison

- 4colage

- observation - PC volant

- sauvotage

- hvacuation sanitairo

- transport do passagors et do fret

- soul&vomont de charges.

Do plus, une version civile a 6galomont 6t6 d6finie.

Los caractdfristiqins osssntiolloa do ce prograimme sont donn6es on planche III.

1.1.1.2.- L' ALOHETTE III

Cot apparoil n'a pins 6t6 ddvolopp6 au titre d'un programme, mats cause extrapola-
tion et modernisation de 11ALkUETTE II, e-n 1960.

L'apparoil 46tait destin6 ý exqfcuter avec plus d'aisance les missions d6volues ýk
l'ALOUETrE I11, avoc on plus

- pour 12Armio do Terre;

*la reconnaissance arm~e

*lea transport de 6 commandos 4quip~s

- pour l~a marine:

la sauvogarde porte-avions do jour

*des missions do liaison sur petits bitiments.



Lee caractdrietiquee do I'AAWUE~rE III sont donn~s. en planche TV.

FIANCHE III PLANCHE IV

ALOIJETTE I! AWOUErFE III

-Caractdrlatiquem principalee - Caractdrietiquea principales

SE 3130 moteur ARVOUSTE 11 B 1 - SE 316 0
puis 31B Mtu ROSEI

ARTOUSTE 11 C31B Mtur rjsgJB
316 C

SE 318 mateur ASTAZOU II A
7 *i~gea

- 5 Si~gesMasse maximaum :2100 kg
- Maase maximale ;1600 kg Vitesse maximum dSe ccoisi~re 190 km/h

- Vitease de croisikre maximum z 180 km/h - SE 319 moteur ASTAZOtI XIV'

- ler vol :1955 Vitesee maximum de croieikre 197 km/h

-Livraisona Etat frangais 44 - Ter vol
(31.12.80) Autres utilisateura

frangais et exportation 861 - SE 316 1960

- SE 319 1971

- Livraison

SE 316 SE 319

Etat frangais 141 73

Autres utilisateura
frangair et 1094 ill
exportation

PLAJCHE V

LAMA

- Caract~ristiques principales

SA 315 B Moteur :ARTOUSTE 11 5

Masse maximum so d~collage 1950 kg

I - 2300 kg cargo sling

Cheuge maximale & ldl1ingues 1000 kg cargo s~ing

Vitesse maximale de croisi~re 193 km/h

Plafond 6 1950 kg 5400 m

- Premier vol 1971

- Livraisone 290
(31.12.80)

H6licoptire encore en production.

1.1.1.3.- Le LANA

Cet appareil a 6t6 convu pour le travail s6rien il eat destin6 Aporter des
charges 6lev~es et A travailler AL haute altitude.

Il correspond A une cellule d'ALO(JETTE IT sor isquelle eat rnont4 le groupe moto-
mostentateur de l'ALOUETFE III.

seas carsctz~ristiquea essentielles sont doondes en planche V.
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1.1.2.- Le. SUPER FRELOM

Cot appareil a 64t6 Vofl9U pour ripondre & tn. fiche programme do I& Marine do 1962, pour lea
missions suivantos a

- lutto anti sous-mar ine

- transport d'auuaur

- transport sanitaire

-transport de fritI
- r~cupdratton de tites d'engins.

11 a 4t46 d6voloppd A partir do 1961.

See caract~ristiques o250ntieilou figurent sBar is plancho VI.

PLANCRE VI

SUPER FRELCM

SA 321 G

-Caract4riatiquea principales

SA 321 G Troia moteurs TURMO III C 5

C 6

C 7

Masse maximale 13 000 kg

Vitesse maximale
de croisi~re 255 km/hPLUMIi VO 12I
Livraiaons Marine frangaise :24

311280Autres utilisateurs frangais et exportation :74 j

1.2.- Lea appareils dle la coolp~ration franco-britanniaue

11 s'aqit des appareile couverts, pour le d6veloppement et lI& production, par l1accord intergou-
ve-nemental franco-britannique signd en mars 1977, gui pr6voyait une organisation d6siqnant, pour
chaque programme, une Agence Ex~cutive nationale et tan maitre d'oeuvre industriel unique.

Ces h41icopt~res sont

- lp SA 330 PUMA

- le SA 341 GAZELLE

- le WG 13 LYNX

1.2.1.- Le BA 330 PUM4A

Cet appareil a 6t4& congu pour r~pondre A la fiche programme de l'Arm~e de Terre du
17 Mars 1962, et aux caract~ristiques militaires pr~cis6es le 15 juillet 1963.

Lea missions principales 4taient lea muivantes

-h~liportage d'6l6ments d'infanterie

-hdlitransport en zone avanc~e

-h6litranaport h grande distance.

Los caract~ristiqoes easentielles de lappareil devaient ;tre

- aptitude au vol IFR

- mise en oeuvre autonomle

- facilitd de maintenance

- facilit4 d'6volutions h tris basse altitude.
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Lsppareil a A4th choimi en fdvrier 1967 par le Royaume-TUni. pour hquiper lea formations de
ls RAF. Seules donc eon industrialisation et sa production ont 6t6 r~alial~es en cocpýration,
is dfiveloppemont syant prhchdh ot ayant, 6t0 offectud nationalement.

Lea caracthristiques essentiolles du SA 330 sont donnh~ee planche VII1.

1.2.2.- Le SA 341 GAZELLE

Cot appareil a 64th congu pour thpondre aux exigences commsunes franco-britannigues di'tn
hhlicoptere l6ger d~observation. Les missions rjui lui sont dhvolues sont lea suivantes

-reconnaissance

-liaison

-observation

-PC volant

-suppoit d'armomont l6gor

- vacuation sanitaire

-transport do fret l6ger.

En outre, 1'h~licoptL-re pout ý-tre utilisd en appareil 4cole.

Cot apparoil a 6t6 d~volopp6 et, produit, en coop6ration SNIAS/WHL, sous agonco exhcutive

et maitrise d'oeuvre frangaime.

Il a fait ].'Objot, en 1977, d'uno revalorisation (SA 342).

Les principsios caract~ristiquos do ia GAZELLE sont donn6os planche VIII.

1.2.3.- Lo WO 13 LYNX

Get appareil a 6t6 ddvelopp6 Ion eoop~ration franco-britannique (SNIAS-WNL) sous maitrise
d'oeuvre et agence ex~cutive bt-itanniquo. Utilis4 en version "utility" par 1'Army britan-
nique, ii a dgalement donn6 lieu ýk one version navale pour is Navy britannique et ls
marine frangaise. Cette dernikre version comportant un systý,me d'armes anti-surface et
anti sous-marine (SONAR) dont is dhveloppoment 4itait effectu6 par is France.

Les caract~ristiques essentielles du LYNX version Marine frangaise aunt donnies en
planche IX.

PLANICHE VII PLANCHE VIII

SA 330 PUMA GAZELLE

- Caracter.stiqdbs principales -Caract~ieitiquee principales

- SA 330 Motours 2 TURMO III c 4 - SA 341 Moteur ASTAZOU III N

- 18 passagers - 5 si~gos
ou - Masse maximum 1800 kg
12 commandos - Vitesse de croisi~re maximum 240 km/h

- Masse maxirnale 6,7 T - SA 342 Moteur ASTAZOU XIV
?7 T1

7,4 T - 5 sii~ges

- Viessemaxiale- Masse maximum 1900 kg
- Vieesemaxiale- Vitesme maxumum do croiai~re 264 km/h

do croiaiý-re 258 km/h -Premier vol

-Premier vol 1965 - SA 341 1968

-Livraison (31/12/80) Etat frangais 173 - SA 342 1978
Etat britannique 44 Lirios - Etat frangais 189
Autres utilimateurs (3.28) - Etat brij~annique 243
frangais et expor- 440 - Autres utilisateurs

tation fran~aim et export 414

_____________ ]
LYNX MK 2

- Caracthri8tiques princ:ipalos

Doux moteurs ROOLS R0Y:E BS 360 GEM 2 900 SHP (671 kW)I

- Vitesse do croieiire maxl~male :140 knots (259 km/h) 9 0 ISA + 150 C

- Missions principales

A - D~tection et attaque dc sous-mar ins (ASM)
B - Recherche do surface par radar
C - Attaque do bateaux do surface

- ler vol :1978

-Tjgirionsn (31.12.001 MarIna francj.ina 26 Marino hritannlage SS Armhe brit-annigne,7 Rnrapin.A
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1.3.- Ls Rpalls de 15nouvelle qme

Ce sont lee appareils qui constituent, actuallement, l'essentiel de la production nationale fran-
-;aise, et qui soot repr6s,,iitatifs de ld6tat de Is technologie nationale. 11 s'aglt des appareils
de Ia farnille DAUPHIN. dent ECUREUILS et du SUPER PUMA.

1.3.1.- Lea aepa~eils de Is famille DAUPHIN

Le DAUPHIN a kt6 initialement ddvelopp4 cozojne le successeur de 1'ALODUETTE III, avec ie
DAUPHIN 5;. 360, de 2800 kg. Cependent, is demands du marchd se pr~cisant, une version plus
lourde et himotoria.6o a 46t6 dC-velopp~e (SA 365 C) puis une version de performances sodlic-
rdes a vu le jour (SA 365 N).

Vest cc dernier appareil, gui incorpore les carsct6ristigues lee plus avancdes de la tech-
nologie frangaise (moysu rotor et pales en rnat~riaux composites, rotor AR fenestron, etc...)
gui constitue is cheval de bataills de is production nationals dans is cr6neau des bimoteurs
moyens, et qui a remport6 piusisurs eucc~s importants A lexportation.

Les principales caracl&±istiques dcs appareils de is famille DAUPHIN soot donn6es planche X.

1.3.2.- Lesa s2pareila de Ia famills ECUREUIL

CeE appareils ont 6t,6 d~veloppps pour crder, dane In gamme des h6licopt~res l6gers, des
produits susceptibiss de prendre ia suite des ALOUETTES 11 et III, de csract~ristigues
modernes et attractifs vie & vis de Is concurrence.

Dd6velopp6 initiabrtent en version monomoteur (avec moteur am6ricain pour Ie march4 de
l'Axorique du Nord) lECUREUII. e5L le r6suitat d'un effort particulii~ement POUSS4 dlara-
lyse de la valsur.

One version bimoteur, destinde elie sussi au maroM6 sirricain, a 64tt rdalisde, et a rencon-
tr4. un succ~s rapids.

tLes csract~ristiques des appa.-eils ECUREIJIL soot donn6es planche XT,

1.3.3.- Le SUPER IVMA

Cet appareil a 6t6 d6velopp6 pour donner un successeur au PUMA, avec un produit plus coder-

11 &'agit d'une revalurisatiun du PUMA, dont i'. reprend la force de fuselage, mais en
reslit6 cet appareil est le r~sultat d'un effort consid~rable de d6velonpemnent, gui a
concsrn4 ls structure (am6iioration des caructiristiques anticrash) ]IFs ensembles m6cani-
gues et In mototisacion (revaloriestion des performances p:ar adoptirnP de turbines MAKILA
nouvelles) gui a 6t6 guid6 par ls souci d'as6liorer Ia faciiit6 et l'6conomie de miss en
oeuvre de ia sachine.

Lees principales csract6ristiques du SUPER PUMA sont doonnes planche XII.

PLANCHE X PLANCHE XI

DAUPHIN ECUREUIL

Caract6ristiques vssent0el~les F-Caract6ristiguta principales

-SA 360 C Meteor I ASTAZOU XVIII A - As 350 Meteor (1 ARRIZ-L 1 B
S A 365 C Motoor 2 hflltl., 11 B ( LYCUMING FLrS 101

SA 35 N oteu 2 APILLI C- As 355 Moteur 2 ALLISSON C 20 F
-13 passagers - 5 passagers
-Masse maximum SA 360 C 3 T

SA 365 C 3,5 T - Masse maximum AS 350 1950 kg

SA 365 N 3,8 TAS 355 2100 kg

-Vitesse de croisi~re ::it, 36o C 270 km/h - Vitesse maximale AS 350 272 km/h

GA 365 C 252 [rn/h AS 355 240 km/h

SA 365 N 293 km/h - Premier vol AS 350 1974

-Premier vol -- SA 360 1972 AS 355 1979

SA 365 C 1975 - Livraisons 405
SA 365 N 1979

Livraisons SA 360 SA 365
30 65
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PI.AncHE ý XI I

SUPER PUMA

* - Caractdristiques principales

- AS 332 Moteurs ;2 MAKILA

- 21 passaqers

-Masse totals 7800 km

-Vitosse maximum de 286 km/h

-Premier vol 1978

-Livraisons5 2

-Commandos SI

2. CPRACTERýSTIQUFS DES DEVELOIPEMENT D'HELICOPTERES FRANCAIS

Les caract6ristiques essentielles qui so d~gagent do cotto revue du d~veloppemoent des hilicopt~res en
France sent A mon avis los suivantos

Presijeremont, Pon constate quo 1'effort do d~veloppomont des h6licopt~ros en France a permis Ak Vindus-
trio nationale do proposer une ganure tr~s 6tendue d'appareils. Actuellement encore, alors gus la produc-
tion d'ALOUETTE 11 oat termin~c, l'A6rospatiale ost sans douts l'h6licopt4risto mondial qui propose la
gammo de produits is plus Ctendue. Cotte vaste gamme, gui exciut cependant los oxtr~nit~s, c'est A dire
l'h6licopt~re tr&s biger ou 1'h~licopt~re tres lourd, eat ie r~aultat d~uno politigue d6lib&r6s do
lindustrie et des services publics. Outro un int6r~t commercial 46vidont, oils pr6mente l'avantago do
confronter I'industrio nationals h l'onsemble des problO;mes tonýhniguos posds par l'hilicopt~re, ot ceci
constitue un 6idment stimulant pour des 6guipes techniques et industrielles, gui ainsi pouvent se tenir
pr~etes h abordor dana do boanos, conditions et avec exp~rience is d~veloppoment d'un appareil, dans
n~inporte quol cr~noau pour losguollos so dcssinoraient des perspectives commerciales int~rossantes.

Cettko politiyue a 6t6 rendue possible par is vitalit4 du motoristo national, cui avait su acqu6rir dans
les aiuo

6
ca 1950 une ararce certaine dana is domaine des petitos turbornachines (1'ALO)UETTE II a &ti 1e

premier h~licopt~re AL tuchinp,f Pt- qu a Su d-6v.cloppcr Qcon i~ VwLb lea turbines de Pius grande
puitLance.

Deuxi~m..ment, Von observe, sur I1historigue des d~veýloppements dh~licopt~res frangais, certaines p6-
riodicit4e int6rossantea

D'abord one p~riode d'environ 3 ans entre lapparition do nouveaux mod~los ;cette p~riodicit4 est tri~s
importante pour 1e maintien du pctentiol techniquo do is branche :en effet, dans un domaino a l16volution,
technique rapids, la compktitivit6 s'incarno dans urne 6quipe de tochniciens capablos d'innovation. Il eat
impossible do maintenir cette 6guipo "dana la course" sans un exorcice permanent, gui eat constitud
justement par la sortie do prototypos r6gulibrement 6chelonn6a. Cette p~riodicit6 do 2 S 3 ans correspo.nd
a la dur~e de l'6tude d'un prototype. et le fait gt'elle aLt Pu 6tre resPoct~e (en particulier dans los
annees 1960 grace A la cointinuit& des prograimmes militaires officiols), a constitu6 sans aucon douto
un 6l6ment d~cisif des succ~s paes4s et antuels.

Ensuite, la p~riode do vie d'un appareil (entre le d~but do l'6tudpnprototype et1'bo . techrique
commercials ou op~rationnelie)pouvant 6tro chiffr6e A uno vingtaine d'ann~es, lion s&est efforc6 de pro-
c~der A des revalorisations de l'appareil A mi-vie, en montant un moteur plu5 porformant, et en appli-
quant do nouvellos techniques

Exemples :Al, 11 LRTOUSTE 1951

AL 11 ASTAZOU 1962

AL III ARTOUSTE 1960

AL III ASTAZOU 1970

PUMA T III CA 1969

SUPER PUMA (MAKILA) 1980.

Cette politique, gui maintient la cofrrrbtitivit4 des produitseot rontabilise au maximum los efforts do
d6veloppemsnt, a 6t6 pratigude on France avoc bonhour, ot a 6t6 encoura~g~e par los services publics.
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3. MODALITES DE L'ACTION DES SERVICES PUBLICS

Lea r~aultata obtenus par in France dans le pass4 pour lea h6iicoptires peuvent Otre conaid~ris commen
flatteurs. !Is sont due bien sur d'abord au dynamiame de lindustrie nationale cellula et moteura, mais
aussi, dana une mesure importante, r I'nction des services publics. Cette action a revatu des formses
vari~es.

En premier lieu, lea arc~es nationalea ont financd int4graienent lea dtudes et le d6veluppement d'un cer-
tain nombre de programmes (AL II, PUMA, SUPER-FRELON, GAZELLE) et aaaur4 Is dibouch4 kndustriel initial
de ces programmes: on a vu que dana lea ann

6
es 1960, ia continuit4 et la frdquence den besoins militai-

rca avait constitut un 4i6ment tr~s important de stimulation, qui a largement concourru ýi cr6er dana
lindustrie une 6guipe de haute compdtitivitd6.

Nais ce qui 4tait possible dana 'in contexte de croissance rapide du aecteur h~licoptere et alors qua lea
forces mrm~es nccddatent ii 1h6licopt~re, eat coins facile dans ces derni~rem ann~as, alore gue le carcb4
militaire national se trouve l6quip6 et relativement satur6 par des produita dont la longdvit4 a augcent6,
et d~s lots que lea d6veloppementa se mont rel~ativecent rench~ris.

D'autre part, dana lea dernii-rea ann6es, lindustrie nationale a rdaolument attaqu6 is usarcb6 civil, avac
deL. produits qui lui 6taienr adapt~s.

Dana ces conditions, lea Services publics ant cherch4 6 cettre en oeuvre dnautres ffoyens dlaction pour
favoriser et guider l'effort de d~veloppement des b6licoptk~rea en France. C'ect ainai qua s'est d~velop-
p~e une politique d'avancea remboursables consenties par le Niniat~re des Transports et gdr6es par le
Minist&re de la D6fenss, et d'avances resboursobles consenties par le Niniat~re de lsEconomsie. Cam avan-
ces ne correspondant gu'a une partia de l'effort da d6veloppement induatriel, se caract~risient par des
conditions de remboursemant avantageuses, et ais~nent l'Etat ii partager pour une part, le risque initial
de d~veloppement et d'industriallsation des programmes. Lea programmes DAUPHIN, ECUREUIL at celui du
moteur ARRIEL ant b~nifici6 de telles avances. Il eat A noter toutefois que Cc syat~me pr~sente 6videm-
sent, pc~r rapport au ayst~ce de financecent des d~veloppecsnt par le budget des arc6es, Ilinconv6nient
commercial de gr6ver le prix des mat6riels produita du montant des remboursements dum.

Enfin, des formules de soutien mixtes ont pu &tre envisag6es : clest en particulier le cas pour lo
SUPER PUMA. et son moteur MAKILA, appareil At vocation polyvalente cilitaire et civile, dont le d~velop-
pecent a 6tt6 soutenu A hauteur de 65 % par l'Etat sous is force dun financement budg6tsire cilitaire,
dlune avance du Miniat6re des Transports at dlune avance du Miniat~re dei'lEconomie.

Troisiiusecent, lea pouvoirs publics me mont prdoccupda de moutenir et dlorienter I'nction industrielle
dana le domaine de ]a pr,&psratiojn de l'avsnlr.

V'est ainsi qu'un programme de recherches et d'6tudea, concernant llenaemnble des disciplines de l'h6li-
copti~re eat men6 dana l'industrie et dana lea centres officiels. Ce programame, don volume croissant,
correspond pour ia part effectu~e par l'Adroapatiale en 1981 6 plus de 2,5 % du chiffre d'affaire de
matte soci~t6, et eat aoutanu par l'Etat pour plus de la inrolti6, l'autre part 4tant autofinsnc~e pa:
linduatrie. V'est dana lea actions men6es au titre de cc programme qu'il faut rechercher lorigine de
certa..ns 4ldmer-ts qui ant constitze6, apr~s ddveioppemient comp1~mentnire au titre des programmes, des
atouts des h6licc:ptxer frazigais de 1-4 no'nýZlao ga'ure (pý-les ?lastiquea, di6ments de structure en
cntdrinux compositaer s.oyeux en catdrinux cumponitea, rotors AR de type fenestron).

4. PERSPECTIVES POUR L'AVENIR

Le march4 mondial de i'h6iicopt~re est en expanision A un taux de i
t
ordra de 6 A 8 %, (alors que in ten- 5

dance d'accroisaement du parc cilitaire, dana ci' carch6 set plum faibie, de :'ordrs de 1,5 & 2,5 %).
Dana ces conditions, et compte tenu de in position qu'elia occupe actuellement, le Franc- envilRac"a Ila-

venir dana le domaine des hilicorpt~ras avec dynanisime.

En cc gui concerne lea programmes militairet future, lea basorins pr~viaiblem mont lea muivanta

- n b6licopt6re antichar de 2&me ginkration, capable dui tar de nuit et dot6 si possible d'une capacit6
d'appui-protaction, d'une masse infdrieure h quatre tonnes, et devant entrer en service A is fin des
anndes 1980. La France et la EPA examinent actuellement is feisabiiit4 d'un tel programme en coop~ra-
l~ion, dana le cadre des d.Ilais et dez; isontants budg4taire; ispartia

un h6licopt~re de transport tactique oc .:..sse tnoyanne, aiesurant -s relive des PUMA et SUPER PUMA, at
presentant par rapport A can appareiir des avantages opiratior~neis et de co~t d'entretien aignifica-
tifs, pour une mine en service au dibut des aannds 1990, et dont devra ddriver une version marine

- n hilicopt~re ldger d'obaarvati n et de liaison, pour reeplacer dane le courant des ann6es 1990 lea
ALOUETTES obsolescantes.

Pour it maru;h6 civil, il faudra pr~volr, dana la logique de ln gamase de produiLB actuels

- des am3itorations de JIECUREUIL, pour maintenir as coeip~titivit6 sur le mnrch6 cor~dial

- la poursuite de is carri~re du DAUPHIN, dana le cr6neau trý!a convoit4 des bimoteurs coyena, gJrice 'a une
revaloirisation passant par une miotorisation am6iior~s utilisant une nouveile turbine aux carsct~risti-
ques comparabisa A ceilem des moteurs du programme ATDE (revalorisation accompagn~e d'une diversifica-
tion de lappareil vera lea utilisations militairas)

- unl auccesaeur, amriior4 sur le plan de Ia technologie at du co~t dlop~ration, des PUMA et SUPER PUMA, A
l'horizon 1995
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:n;
4

h un hilicon:&re pouvant succ~der, avec une technologie modern. et des co~te r~iduits, au LAMA dana

so -~ed rvi ~in

Quelles devront itre dana con conditions lea 16gires directives de 1 action des services officiel$

- D'abord orienter, do fagon g6nirale. lea actions d'4tudes et de d~veloppemaent dans le sens de la poly-
valence des matdriels, de aorta que lea bosomns civils et militaires puissent itre remplia par des ma-
t4riels prisentant le maximum de communalitd (ce gui ne veut pas dire qu'il ne aera pan nicessaire, pour
tel ou tel bosomn militaire ou civil bien identifid, de divelopper des mat~riels sp~cialishs)

- Ensuite, et de fagon corollaire, proscuvoir au nivean officiel une politique concertke d'aasociation de
financements militaires at de concours ciylan (en provenance du Ministre des Transports et de
l'Economie) , dont un exemple pout itre pris dana la fagon dont 1e programme SUPER PUM4A a 4t6 aoutenu
par l'Etat

- Troisi~moment, accentuer lleffort dtatigue et industriel aur lea actions de pr6paration de l1avenir, de
sorte hk maintenir le niveau technologique du socteur hdlicoptire, et 4 Ie pr,6parer h vaincro lea points
dure des d6veloppement &k vonir

- Enfin, prornouvoir la coopdrntion europ4enne. on a vu a quel point la coopdzation franco-britannique
avait eu up effet stimulant et favorable aur ltactiviti hdlicoptere en France L'extension au niveau
europ46en de conte coop-dration, qui se juatifie par la concomitance den bosomns europ6ens our Vensemble
des programmes militaires futurs, eat une nicsasit4 pour le futur, et conatitue une chance quo nous
devrons saisir, ce a quoi noun nous pr6parons.
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RESUME - Sur les h6licopt~res de faible et rnoyon tonn~age., pour des raisons d'architecture do J'appareil, les
moteurs sont situ~s en arri~re de Ia t~to rotor, ce qui rend leur Elimontation trls malais~e :c 'est le cas
en particulier do 1'Ecurouil AS 350 et du Dauphin SA 365 gui sont 6quip6s de moteurs de nouvelle g6ni~ration
ces turhonsoteurs sont 3 aspiration axiale ou annulaire suivant quo le r6ducteur eat situ6 du c~td do la tu-
y~re ou du compressour.

line 6tude approfondie des entrges d'air d~s le stado du projet peut permettre de los concevoir avec un mini-
mum do repercussions n6fastes sur la puissance fournie par los moteurs, sur la tralnie do 1'appareil et les
risquos do pompage.

De ce fait, une tello Atudo oct susceptible do r6duiro sonsiblement los d~lais et donc los co~ts de mise au
point en vol. Cet expos6 resume lea mithodos utilis6cs a l'Airoapatialo et los r~sultats obtenus en vol sur
diff6ronts appareils.

NOTATIONS

A =Surface
V = Vitesse
P = Pression statique

FT=Pression totals
p =Masse volumique

DC60 = Indice do distorsion

= (FT 2 sur un secteur do 600) minimum -T

1 P2V2

~ 2

INDICES
=Valour moyonno

0 - mini amonT
1 Entr6o d'ali
2 =Compresseur

4-5 Venturi
6 =Sortie

1. INTRODUCTION

Dans uno grande partie du domaino altitude-temp~raturo, les perfoniancos des h~licopt~res bi-moteurs sent
limit4es par la puissance disponible plut~t quo par la capacit6 doe erganes de transmission.

En particulior, pour ceux gui sont soumis a Ia FAR 29, cat~gorio A, la panno motour au d6collage ost tr~s
s6v~ro ; dana le cas du DAUPHIN bi-moteur SA 365, par exesple, 5 % d'6cart sun la puissance moteur repr6son-
tent 180 kg do masse d~collable.

ce cnwttro de b I correspond A une valeur courante des pertes do puissance 3 Vlovionnage relev6es sun los
h6licopt~ros qui n ont pas fait l'objet d'uno 6tude poussie de l'intorface a6rodynamique motour-fusolage ot
en particulier des entz6es d'air.

Cot axpos
6 

d6crit los probl&mes pos~s par la d~finition des entr~es d'air motour

- fonctionnomont a~rodynamique dana tuut le dorsaine de vol, pertes do puissance, augmentation des consom-
mations, diminution de la merge au pompage des moteurs, d6collements sun is fuselage p

6
nalisant 1'appareil

en trainee,

-adaptation A l'environnoment = protection des motours A l'ingestion do corps etrangers, sable, givro,

-facilit6 d'installation dens la structure de lappaivil ot maintenance en service.

Les ri~thodes employics A 1'A~rospatiale Marignane sent d6velupý,-es ainsi quo lea r~sultats obtenus par
une approche syst~matique sun diff6rsnts appareils r6conts comet los DAUPHIN SA 365N, SA 366G Coast Guard,
TWINSTAR AS 355 et SUPER PUMA AS 332.

2. FROBLEMES POSES PAR LES ENTREES D'AIR D'HELICOPTERE

2.1. jonctiornement a6rodynamiguo

Fortes do puissance a l'avionnago

flles sent d6finiem par los 6carts de puissance constat6s entro 1e banc et le vol, a mime r
6
gimo r6duit

du g6n
6
ratour. Cos pertes sent fr6quentes et peuvent provonir

- d'uno r
6
ingostion d'air chaud provenant du rofroidissemont d'huile, du recycloge des gas d'6chappo-

mont par le rotor principal eu directenent des tuy&-os moteur dens los configurations do vent arri~re. Rap-
pelons quo 1

0
C d'6l6vation do temp6returo moyonne dana 1'entr~e d'air co~to environ 0,8 %do puissance.

-de ponies do charge ou do perturbations do l'6coulemont moyon dens l'ontr~e d'air en moyanne, 1%
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(on 10 mb) do perte de prossion totale correspond a au muins 2 % de porte sur la puissance disponible. L'ef-
Let des distorsions do prossion et do is turbulence ort mini conno, mais pout !tro rospoosablo do pertes in-
expliqodos par ddtdrieration du rondement cempressoor.

Portes Sur los ceonsornratxoos

Ces pertos peovont Etre importantos et proviennent d'uoe d~t~rioratioo du cycle thermique du muteur.

Ellea pouveot 6tre causeos par:I

- ne 6l6vation do tempdrature mayenne A l'ontr6e comprossour

- ne diminution do rondomoot compresseor due aux distorsiens do prossion.

Augmentation do la traio6o appareil

One surface d'ontr~o d'air et one llvre mal sdapt6e pauvont entralnor des d6coibements our les capots
responsoblos d'uno augmentation de l'ordro do 10 % do is tralndo de 1'appareil complot.

Prebi~mos do pompage, miso so point en vol

Coo problarnes soot los plus d6licets parce qo'ils font intorvenir le dialogue rnotoristo-svioonour, sans
quo, en l'obsenco do crit~iros ot do mosoros pr~cises, la respoosabiiitý do l'on 00 do l'autre no puissO etro
cbairement 6tablie.

Los prebi~mes do pempege par vent arridre ont soovont exig
6 

one dose ao point en vol fastidjoose qoi
about it en g~n6ral A des modifications do toy~ros.

Tous cos points ont des r~porcuooions importontes our lea performances do i'apparoil, consommations,
distances franchissables, masse ddcollable, vitesse maximum, coat do d6voloppement.

2.2. Adaptation aux conditions do vol

be boo fooctioonereont do meteor dons tout 1e dornaino do vol ost 5 ddmontrer psr l'aviunoour pour obte-
nir la certification do l'appsreil. Dons ce bot, ii feot proc6dor ! des ossasis d'ingestien do corps 6tran-
gers (oisoaox, grdlone, etc ... ) et des ossais do givrago.

Sor los apparoils r6cento, one protection efficace eat asaor~e per one grille (diarnitre do fil 0,8 mm-
rabble do 5,5 mm) mon~t~o dovont 1'ontrde d'air 6ventuollomont monie do reidioseurs. Ce dispositif oat p~ne-
lissot en performances, surtout en vol d'avanceaont, car ii predoit one perte do charge et one trainde im-
pertonto a gronde vitosso.

Certainos conditions d'otilisation exigent mgme l'emploi d'on filtre anti-sable constitod d'on grand
nombre do tubes Vortex s~parant lea particules solidos a4r centrifogation. La porte do puissance et do masse
d~collablo duie A cot accoasoiro pent Atre hlev~e.

Lo spectre do bruit des entr~ea meteors ost noy6 dons le spectre g~n~rab et no feit pas b'ebjet d'6to-
des systemotiqoes.

2.3. Inotaliationndans la structure appareil

Los crit~res suivants peuvont eriontor lo choix d'uno solution

-facilit6 do maintenance sous capots

-l~g~ret6

-esth~tique, on particulior poor le marsh6 civil, oa los eotr~oa d'air simples, do type PITOT, soot
difficilemont accoptdos.

Le dossin des mooches a air oat earticuliiromoot comoliooA dons le asa des meteors aito~s on errigro
do !a t~te rotor :1 oa t impossible d'6viter des coodes 00 one longocur importanto do manche 3 air. Le sno-
ci d'Avitor los folios dana colle-ci, caoses do pertes impertantos par rdbogestien do gas chauds, pout ron1-
dro n~cossoiro 1 installation do joints mobiles, eutorisajit l'ouvertoro des capots dleccis oux organot

3. MOYENS EXPERIMENTAUK EN VOL

Los essais d'entrieo d'sir on vol sent tr~s difficiles A analyser ot, a intorpr6ter toot qo'il n'est pas
possible do disposer on peigno comportont on nombro suffisoot do prises do prossion totalos devant le comn-
prossour, ot d'offectoer des mesoros simultan~iseot sor toutes les sondes 00 coors do mime vol.

Actoollenent, soot utilis~s one dQuoaino do captours diff~rentiols cloasiqoos roli~s sax scados per one
certaine looguour do toyso.

One 6tude visant a d~veluppor on 4qoiposent do mosoros instatiennaires oat en coors.

Los ingestions do temp~rature soot eatimoos a l'aide do sondos a thermoceouplo.

4. MOYLNS EXPERIMENTAUX EN SCUITLEPIE

Co soot esseotiollement des notilo do v~rificat ion des hypoth6ses 6mises 00 nivoao do la d~finitien : il
permettont I'daoayse fine des Acoulemoota et la quantification des performances do l'ontr~o d'air.

La figure I muntro le priiicipo do fonctbonjiemont d'une maqoett~e 6chollo 1/2 constroite i l'origine pour
l'oosai des entrdes dWair do Dauphini hi-meteor SA 36$C.

En rdgiant la vitasso do vent dajns la vejne soufflerie, l'ottitodo do la moqootto et do d~bit des venti-
lutoura deaspirotion intero(,, il oat pos~sible de simuler lo fonctionnciment do l'ootr6ic d'air meteor our, pral-
tiquemont tout lo domaino dc vol d&fioi pa. los parern~tres vitesse, inciduoce, ddrapage, altitodo-densit4,
d~bit masse do moteur.

Etude do l'6coolemeot initerne

Poor choque ceo do vol simol&, ott sondago Fist effocto6l par le peigno touroent 6quip6 do sonde~de pros-
skios tot.los ot par lea sondos statiques diopos6os A la parol. On obtiont

-la porte do charge iscyonne
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- lindice do distorsion

Los captours d(! prossion sont. iont6s dorriiro no scýanivalvo roli6 aux sonodes do prossion par uric longueren
do tuyau. Aver la choTne do mosuro utilis >, pour l'instont cette inistallation no purmot pas do mosures inis-
tationnaires prdrises mais li6paisseur" du signal relev6 donno des indications sun lo nivoau do turbulence
do l'6coulosont au nivoau det; ontr~cs moitour et pormot do classer sunr c citire les diffirontus configura-
toons do moquettos.

Des mosunos do tourpirature peuvent. itro effectuies A ilaido do thiontocouples plan~s Sur Ios sondon
peigno do mesuro o n simulant uno source d'o-ir cboud sun la maquelto, los soodagos do ten~p~raturo per. t-

tent d'oppnicior lo quantit6 d'air chauld ingini.

Mesuno des troin6ios

La maquotte 6cholle 112 aspire et 6jecte lo flux inteone do simulation. den dibits motour A l'intinieur
do Ia vosne do la soufflonie l'Venseebla3 oat pea6 pour offectuor des mnsures comparatives do tralnee, to
schima eat conforme A la figure 1.

L'Ecort de preaaion meo-uni pan le venturi entro lea soctions 4 ot 5 donne 1Lo dibit.

enentelnfudnapue A p La poussiedue au dispositif d'anpiration, pnooetio sun Vase de la maquotte ost par difinition la diff6-

T G6 G o
qui pout s'irniro G i t(I-G)

Lo tenmo G6 - GI ropniseote la risultonto des actions do. la vomne dýair comprise entro les sections (1)
on (6) sun lensemrble mooches internos, ventilateurn, tuyores.

Lo cerise Cj - Go reprosonte la pousaco oxterno thoorique exercee par Il'spiratron sun la carnen.

La troinie externe do l'entr~e d'air oat la diffirenre entre ceite poussie thionique ot lo pouissge effec-
tive Tc quo pout nialiser cetto canine chongie do signe

Tox r - Ec - Go) - To]

Pour pouvoir comparer 2 entries d'air, en se plagant A mime dihit coloeur, do mancero A respecter le roof-

ficient do d~bit impos6 par lo cas .'ý vs.' ou i, i faut riolisor la mime dynalpie do sortie

C PgýF A6 +P 6 AG Ve
2

La condition P6 V6 A6 ext mi.,s4e eon Y*-. r.! -nont

'1 - ,2 2
3
ventuni - 5 - 04 V4 constanit

La condition Pg A6 = coostonte n:ýst pas rialieble. s'nu:.tanoment do manu~re nigoureuse aver los, vents-
a t c U L1 0 Ut t 111*3U 4ý Jc.dCUiiC1 TCC- I ,O ýtbi c zrclrsiqcý

en fonction du coefficient do dibit en oau-Itenant concta-il i'6oart do prossion mosure au venturi 6talonn6
et en faisent varier le 'ttesse do vent. Oi, effoctue on ciutxjoe point la correction de pression dui jet.

Etude do l'&coulemoot externo

L'6tude des reryrlages d'ain rhoud par ile rclter principal r,' at. puseiblo qu'A uno 6rhelle beauroup plus
riduite, 1/7e ou 1/10e suivant los apparoilv. Ce type d'on-sait ps-rmet d'onalyser los trajoctoines do gas
chauds dans los configurations do vol onitiquos, romeo rolls? la)~ figure 2 pour lo SUPER PUMA, AS 332.

A rouse do la taille des maquetnos, il ost cýri-s difficilo dc iuo diroctemeiit lo chomp do teepirature.
Los jets chauds soot simnulis a froid par injection do goz carbo~ic>ýý La eeczore do: concentrations locales
est foite par tubes niactifa et l'appli-rotioo d'uno loi do stmilitu(1, concontrations-temporatures donne une
estimation do la quantit6 d'am chaud riingini par lea -'t:r6es O'lair:i':.teur, par oxemple. Des phinominos ana-
logues a ceux mentionnis par Boeing bora do li6tude do VI-ITAS ont pit ýI re mis on 6videoco (rifironce 1).

5. MEH~lOOLS D'ETUEE MISES EN OEUVIRE

La figure 3 nasme los parametres olin du fonctionnempnt des entries d'ai sun lesquels il ost possible
d'interveoir au stade du projot.

Quolle quo soit la solution ohoisie, los porformiancos offx'.xices du motoay- on voi z6-pendent essontiollo-
isent, a tuyire donndo

- du nivoau do press itn totolo enyon decant le conipressour

- du niveau de tew-pýýrature t-italo moyeo decant le comprossour.

Les performances du moteur sonL mesunies par le conatrurteuc au barc daf. es co-:r~itions du point fise
do l'hilicoptiro, (prossion totalo A l'eotrnio pression statiqun ambiance) soarc no pavillon d'ent,26c don
font des distributioins presque idiales.

Pratiquomerit, be champ des pressions totalos t'ost Jacobis uniforsne decant le cocpre so.ur :los rcoons
aver la prossioTi totabe enyonne sent cractrorisin par u'n indice do distensio)n (6',cartn darts 1. 'sparo) coisso

be DC 60 et par un taux do fluctuations ou do turbulence par rapport ' 1 'ecoulement moci(&art, 03T.- le
tomps).

Eooctiuonomnlcn en vol stat jonnoliro

to moteur aspire dons tout l'espsce outour do Ventrie !' air, easc lirifluence do Cette as: motio'n dumb-
nue iris rapidement iavec la disatrico. Lpusacdrtneauot'irs Ic dbt asnoe ot la vi-

tease VI. (.-f. figure 4t)I
Le fonctionnocont des licres pout 6tro oxplbqui do la marion. nuivoote :los filets d'-iiin porous do la

lisro d'ontnie doivent centoucoor cello-ri ut orciliren dc in vitosno (0 A la vitosse Vl. Lpi cou burn derts
l~iges do courant correspond A utno ib'pressioti nipantie sun Ia levre et dent l'incigrale SU.' 1C c-)Ontou oat
i.gal a l'eifort d'ospirotion.
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Plus la lývre ost mince, plus cette dipression ost forte et plus le gradient do pression pomitif impos6
par le niveau do dipression moyen dana 1, manche a air eat important. Pour une valour limite do ce gradient
de pression, on otteint le d6collement.

be cas extr~rae correspond A uno lývre infiniment mince eLý le d~collomont est imm~diat et co la porte do

charge correspond grossi~roment A la prossion dynaniiquo interne.

Au premier ordro, c'est donc l'ipaisseur relative des livres gui fixe le coefficient do porte do charge,

APT- l~vres

et a un moindre degr6, 1e prof ii des 1hypes. 2 D 1

Foncýtionnoment en vol d'ovancoment

L'espace peut 6tre sipar6 en 2 rigions (voir figure 5)

- L'une ospirie par le moteur difinissant un tubu do courant do surface AO A l'infini amont et qui ivelue
en fonction do la vitesso locale impcs~o aux filets fluides.

- L'autrc 6vvontuellosent diflichie mais non aspirie los filets d'air doivent conteurner la livro oxtor-

no en accilirant A partir du point d'arric jusqu a un niveou do dipression fix6 par l'6paissour et lo profil
do la hypre (succion) puis en ralentissant pour so raccordor aux conditions imnposies par los f cmos do fuse-

lage. Plus 1e ralontissomont est siviro, plus 1e dicohlesent risque d'apparaitre t~t.

Sur la livro intorne, lc floide no subit en giniral qu'une acciliration A partir do point d'orrit 01 ii

n'y a pas do risque do dicollemont interne.

Le rapport F T nIV] eat appoli coefficient do dibit et caractiriso h'adaptation do l'entrie
d'air. Al ~ 0

L'incidence a est difinio cemme l'angle entro l'axo do tube do courant capt& et l'axo do l'entrie d'air.

Ce soot le coefficient do dibit et l'incidenco do l'entrie d'air gui diterminent l'isportance des dicol-
lements extornes et 6ventuehlement intornes sur los livres.

Sur la m~ma figure, est schimatis6 le fonctionnoment des entries d'air statiquos (o = 9Q0) en vol d'avan-

cement : e tube do courant capt6 n'occupe pas tolte la surface do h'ontrie d'air, mais seulement one zone
"officace", la partie restante est one zone tourbillonnoire dent l'impertance augmonte a mosure quo lo coef-
ficient do dibit diminue. Co teurbillon n'est pas Iris stable et crie one agitatiofl do la voino fluide

dans l'entrio d'air, ce gui so traduit par one fluctuation impertanto des signaux do pression totale au ni-

veau do compresseur en plus des digradatiens do l'icoulement meyen dues au dicelloment lui-m~mo et a0 frot-
temont le long does parois.

En vol d'avancoment, des portos do prosslen totahe peuvent provenir des digradations subios dans lo tube
do courant, on amont do l'entrie d'air, par frettement he lone d~une narni on A la tra;vnrct_ 1funi o1--tctle

6. EVALUATIONDESDIITERENTES SOLUTIONS COMP671BLES AVEC LARCHITECTURE O& L'APPAREIL - CHOIX DE LA POSITION

DU PLAN D'ENTREE D'AIR

La figure 6 indique los avantagos prisumis des diffirentes solutions d'entrios d'oir diveloppies a ce
jour sur los hilicopti.ros oi los meteors sent situis en arriiro do la t~te rotor.

Ce tableau pout donnor des 6liments pour 1e choix do l'impiantation du plan d'entrie d'air en fenction

do la mission do l'apparoil et do l'impertance quo len occerdo aux paramitres niontionnis dons la colonno

do gaucho.

Bans le cos des hilicoptires l6gers bi-meteurs, perfermants en vitosse (Boll 222, Sikorsky S76), la solu-

tion des entries d'air hatirales somblo prldominer actuellement. C'ose cello gui a 6t6 rotonue en finale stir
los bi-sotours Dauphin SA 36$ N et Ecuroui' U AS 355, do pz'ifironce au type "frontal" ligiromont plus porter-
mont, ossontielloment en trainie apparoil, inais gui prisonto des difficultis d'installation ot uno esthiti-
quo discutable.

Lam ,olution dos meteors monte's dons one nacelle "on pod', diveolppie soP des hiliceptires plus lour-ds,
Uttas 00 Boring Vertol Chinook, oat tris intiressonto sur he plan trainie (malgr6 l'augmontotion do la sur-
Lace monillie) et performances meteor puisqu'elle permet d'installor one ontrio'd'air et one toyire erion-
ties dons l'axe do l'oppareil. Do plus, cette solution simplifie l'itudo des dispesitifs destinis a riduire
la signature infrarouge des toyiros (applicatiens militaires, montage d'un diviatoor do jet). Eli10 est ce-
pendant loordceot peu osthitigue.

7. REGLES OE DINENSIONNENENT - HETHODES BE CALCUL

Section d'entrie d'air Al et incidence a

L'optimum do point fixe demando one tris grandesoctien d'entrio d'air ot ost contradicteire avec celui
do vol. do creisiiro gui correspond a l'adaptotien

Surface do tube do courant capt6 A0  Surface do 1a section d'entrie A1

Lc csipxomis propes6 eat:

A0 itant calculi pour los conditions do vol do croisiiro 00 sol, 00 ce rapport est procho do minimum,
compte-teno des survitosses locales dues aux formes do fuselage.

Dons ces conditions, one 6paisseur do livres e doel'erdro do 25 1 do diamitre do l'ontr6e d'air si ello
cat axisy &-trique A incidence nulle a = 0 est lo plus souvent suffisanto pour 6viter les dicollemonts exter-
nec ot ha dinalisotion en trarnie.

Si lontrie d'air est en biseau 00 accohie a one paroi, l'ipaissour relative do 1a hivre diminue puisque
coest la paroi gui doviont plan do symitrie et la riglo 25 % do diamitro oat insuffisanto.



14-5

Couclie limite fuselage

Dans ie cam oOIl1avant-projet fait apparair-re l'intilrit d'entries d'air noy~es dans le fuselage, un gain
appriciable cur la r6cupfration do pression en vol dlavancement et une diminution tr~s netto de la distor-
sion peuvent Gtre obtenues en m6nageant un pi~ge 3 couche limite.

Celcul du prof il des l6vres et dessin do la manche A air

Pour l'instant meules des mdthodos bidimensiunnelles mont utilisiles, en particuliei- une m~thodo semi-
empirique utilisant les transformations conformus tr~s rapido A mettre en oeuvre.

Le calcul direct des presslons locales sur une i~vrc donn6c est effectu6 per diifirences finies, d'aprz~s
un programiec ONERA (r6f6renco 2). Co programme est utilis6 6galoment Pour calculor l'Ocoulemont interne dans
la mudnche 3 air.

Des mithodes tridisensionnelles mont en rours de else au point pour cotte application A 1'0NER.A.

La figure 7 sontro des livres obtenues par la m6thode do l'hodograpnr et adapt6es sur le SA 365N DAUPHIN.

La figure 8 montre une comparaison caiculs eýsmaim sur l'cntr6e d'air %S 350 Ecureuil au point fixe.

L'6uoulesent dens la manche a air eat accessible pal' le calcul dans le cam oail n'y a pas de d~collemont
dans la section d'entr6e d'air ;des donnies empiriques cosine les tables Data Sheets mont utilis~es pour
calculer lem pertain de charge dues S ia mancbe seule.

Dana 1cm autres cam, en particulier d~coil6s, soul l'essai sur maquette en moufflerie permet usie estima-
tion des pertes.

Rappelons qua pour une conduite circulaire rectiligne, la perte do charge vanie approximativu;-.snt commie

V 1 Vitesme moyenne dens l'entr~e d'air impos~e par le d6bit moteur au cam de vol considdr4
L Longueur de manche A air
R Rayon moyen
K Coefficient de l'ordrc de 0,015 pour une conduite cylindri.que

be choix de la longueur de manche A air r6sulte d'un compromim, mi elle n'est pas dict6e par one conds--
tion d'architecture gdndrale de lappareil:

- One grande longumur, de l'ordre de 8 Lois le diamktre comprommeur est tr~m favorable pour r~sorber les
dimtormions du flux d'air A l'entr6e :c'ast la longueur n~cessaire pour que les grosses structures tourbil-
lonnairem susceptibles d'apparaitre dens l'entrie d'air solent d6truites.

- Une faible longueur est favorable pour diminuer la perte da charge.

On 4vited'x'i rccouis a dvs ~olutijonm avec volume interne important, foi-iailt chambre de tranquillima- .

tioni, los pertes 6tant tr~m 6lev~es.

8. RESULTATS OBTENUS

Deux appareils r~cents sent 6quip~s d'entrdes d'air statiques, le DAUPHIN SA 365C bimoteur et 1'EEUREUIL
AS 350 monomoteur. Ce type d'entr~es G'air, on Ila vu pr~sente des avantages mur le plan de la mimplicit6
et de la facilitA d'adaptation des dispositifs de protection.

Par contre, A grande vitesse, la distorsion est mensibiemont plus Glevie, voir figure 9, et les perfor-
mances momns bonne,; qie pour los entries dadir dynamiquem, voir figure 10. L'installation d'un filtre en
forme de nid d'abeille a grosses mailles dans le plan d'entrie d'air permet de r~duire sensiblement le ni-

veau do disFtursion et les fluctuations do vitesse dovant 1e compresmeur, maim sans apporter dc gains migni-I
flcatifs en rpcrta de chiarge, jal" figure 5.

Cette modifi~cotic,.; a d~t6 emmay,ýe en vol sur le AS 350 (ARRIEL).

Do plus-, en 365C, den, aY-n4rateurs dc t"urbillwa uuial ~6z piacds de part et d'autre de la tate rotor pour
limiter lee effets du sillago Lt limiter lingestion d'air chaud 6vacu6 par le puits HIP :cot artifice per-
met de rehausmor lu sillage ý.u-'leusu. des capots at de digager une zone d'6coulement main.

La figure 10 irqintre 1glce;tIs rimsultats obtenus en soufflarie pour diffirentes entries d'air d'appa-
rciim recens. Loes entries MIaiin dy.iamionus permettent des performances beaucoup plus intiressantes en vol
d'avuncement :ellks ont itS chlansius pou.- lea hiliceptiree nouveaux DAUPHIN SA 365N, SA 3860G COAST GUARD,
rWINSIAR AS -355 et SUPER FUVA AS 332.

En SA 3E5N. en particulior-, le plan ties antriss d'air a it6 choisi on avant de la t~te rotor de manu~re
a 6vit-er lea recyclages d'air tad

Lentr~e damr Coast Guard 366f; inlg-a complication due a laspirationl annulaire du moteur, no prisen-
te pam do peirec sensiblemont supirieu'e 3 ceile du SA 365N.

En AS 355 TWINSTAP., comic 1cm gas no romroidismement sont canalisis le long de l'arbra de transmission
at sent 6vaceis.- en. erri~ro dc,- muteurs, les pntblimem de recyclage d'am chaud en vol d'avancement iWont pas
it6 roncontr4s. Ceci -a per-isi de desciner des w-a~ches A air momns longues, avec des entries lat~rales si-
tuiem au niveau de la t~te rotor.

(t-tte disposition a donn6 une trem bcnne efficacite rur tout le domaine de vol.

L3 fipuirc 11 montre le gain on tre~inge obeioni par compar-aison entre les entries dynas-qucs et statiquos
sur le SA 3u9N.j

Sur le Super-)-luau AS 332, un sjoin particulier appcr't dn dessin des I~vrez aet de la grille de protection
a pea-mis de gaghier B % environ1 sur la trainia totale scit 6 ksn/l sur la vitesse maximum de 1 appareil, par
rea.port A la premiere Kdýfinition.
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9. CONCLUSIONS ET RECOMMANDATIONS

Cet expos6 r6sume lea mhthodes et les r~sultats obtenus sur les entr6es d'air moteur a l'A6rospatiale
Marignane. Ces 6tudes permettent de limiter de mani~re tr~s significative les pertes de puissance A l'avion-
nage, ainsi que leE pertes sur les consommations que l'on peut observer sur tous les h6licoptýres par com-
paraison entre les mesures au banc moteur et en vol. De la m~me mani~re, il est possible d'6viter des d6col-
lements importants sur 1e fuselage, responsables de pertes de traTn6e.

Les param•tros essentiels de d~finition qui conditionnent i'obtention d'un rendement et d'un fonction-
nement acceptable sont dans l'ordre d'importance

- le choix de la position du plan d'entr6e d'air sur le fuselage

- la surface de l'entr6e d'air

- l'incidence
- le dessin des dispositifs de protection (ingestion de corps 6trangers, ddgivrage, neige, sable)

- l'paisseur relative des lTvres

- le dessin de la manche A air

- la forme des lvres

Les possibilit6s d'approche par le calcul deviennent de plus en plus importantos mais ne permettent pas
encore d'6liminer les essais en soufflerie, si l'on cherche de tr~s bonnes performances.
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DISCUSSION

K.Rosen, US
When you modified the SA365 inlet, were there any significant penalties paid in the area of anti-icing as compared

with the original static design?

Author's Reply
It is agreed that the problems were greater in the dynamic system than the static system. However, the problems
related to this system for our application have been solved.

K.Rosen, US
With respect to your vortex tube inlet, have they worked satisfactorily in relation to icing conditions?

Author's Reply
This question concerns the SA 330 PUMA. The air inlet with vortex tubes has obtained certification after tests

conducted in the icing tunnel at the grid (Ottawa, Canada) and in flight tinder natural icing conditions.

a..
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INTAKE DESIGN WITH PARTICULAR REFERENCE

TO ICE PROTECTION AND PARTICLE SEPARATORS

By

P A H Brammer
Chief Power Systems Engineer

and

D J Rabone
Deputy Chief Power Systems Engineer

Westland Helicopters Limited
Teovil Somerset

SUM-ARY

Total environmental protection for helicopter engines is a desirable aim which has not yet been achieved
with a reasonable performance penalty. The paper outlines the problems associated with different environ-
ments and describes intake systems which have been used to give protection against particular environments.
From this information, three intake systems are proposed for further consideration and evaluation in
natural environments.

A!
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TNTRODUCPION

Over thirty years of operition has seen thu helicopter used in all the different varieties of climatic zones
that exist world-wide. The gtneral adoption of gas turbine engines as the means of propulsi n ],as meant
that every deployment of the helicopter to a new climatic zone has hroupht a new problem to 1e faced con-
cerning, engine intake protection. Development of the gas turbine cnrine has produced higher compressor
sleeds and smaller conpres;. "ldcc- whici: have proved less renintant to damage from external particles
ingested 1y the engine. Th, Iore, the need for environmental protectior, has increas;ed over the years.

Role fit intakes have been successfully developed to protect engines from particular environments. Rowever.
the role fit philosophy is not attractive to the customer who has a cost, storage, maintenarnce and operational
penalty as a result. Consequently significant development work has taken place over the last decade to
produce a basic intake design which has total environmental protection with a minimum of engine and aircraft
performa,.ce degradation.

THE F•,VIRONME-'WP

One of the major difficulties in protection system design ha.s leer the Lack of knowledge concerning the
aetulo environment; only when it is accurately defined car ,;efinitive rig developmenit work he undertaken.
in order to gather the necessary data, progressive evaluation of both the protection system and the environ-
mental measuring system have been required, cor ;urrertly, on numerous aircraft flight trials. This has
resulted in very slow and expensive progress in the design and clearance of intake protection systems.
However, the acceptance test criteria now used for intake protection systems have been shown, by service use,
to be adequate in most cases. ThFse test criteria are discussed, briefly, below.

i) Icinr Conditions

The presence of water in the atmosphere at tealeratures below the freezing point of water can'ca',se ice to
form on the air intake and on the forward parts of the eng'ine and the compressor blades. If these parts are
not anti-iced, the performance of the engine will be progressively eroded. Subsequently, the ice which has
formed will shed into the engine with the probability of damage to the compressor and/or engine surge and
flame-out.

Water droplets and ice particles can be experienced in flight both discretely and together tie in Mixed
Conditions). The pxubleos experienced to date have resulted in a multitude of test conditions as illustrated
in Table One k reposed UtK military requirement). Unfortunately, we a.-e unable at present to rig test
conditions such as freezing rain and we are unable to accurately measure snow conditions that occur on
environmental trials. The National Gas Turbine Establishment (NSGTE) in England is hoping to be able to simu-
late mixed condtions for WG34/tHlIl' rig icing trials we shall be conducting later this vear.

TABLE ONE

ICING CONDlTIONS

Water Duration Droplet ize Altitude
Condition Aiy 'Iemp Content of Median VA Range

C g/m Cendit jon Die Micros 1 1000 ft

1 +5 0.90
Continuous 0 0.80 Continuoua 20 4 to 10
Maximum -10 0.60
Icing -20 0.30

II ,-o 1.35

Periodic 0 1.20 15 mine 20 4 to 10
Maximum -10 0.90
]. cbIn -20 0.45

(0.20 LWC
III (0.60 ICE

Mi toed -10 (0.15 LWC Continuous 0 to 10L.-,d it ions •0.45 1,IM

(Continuous) 2O.iO LWC

-20 (0.?0 ICE

(0.30 LWC
0o.90 ICE

IV (3. W INC
Ntxed -10 (0.70 ICE 15 minsi 0 to 10

"Condit ions,
(Periodic) -20 (0. ;5 LW':

Failing I -3 to -PU 0.3 Continuous 0 to 10

*a nunow
(Continuous)
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TAILE ONE (Cont)

Wafiter Duration Droplet Size Altitude
Condition Aig Temp Contsnt of Median Vol Range

C g/m Condition Dia Microns x 1000 ft

VI
Falling 43 to -20 1.5 15 mill 0 to 10Snow(Periodic) !
VII
Recirculating 0 to -20 1.5 15 mind IGE Hover
Snow

VII I 0 to 50
Freezing Fog a to -O 0.3 n 10 to 20 AGL

Ix
Freezing 0 to -15 0.3 to 0 5 amLns 200 0 to 5000
Drizvle

Y
Freezing 0 to -10 0.3 5 miss 1500 0 to 5000
Rain

it) Sand and__... j

The Lperation of gas turbine engines in hig* sand and dust concentrations can cause rapid erosion of the
compressor blades arn its casing with resultant engine performance and handling degradation.

Various test dusts arn in use in the aircraft industry. In the United Kingdom, dust to BS1701 iB the
general standard used for helicopter engines. This dust has a particle size distribution as shown in
Table Two.

TABLE TWO

Particle Dia 7 we ght smaller

20 25

40 4'

160 55

Z30 68

100 79

120 88

140 97

160 1(0

Intake protection systems which separate more than 85% by" waight of this dust from a dust concentration of
16,0-4K&m3 f ar a:, bn =ewntogi:¢ cceptabl6 enrine lifre , arld vc-,Lilvo.

iii) Sat)Ae ra
Once again, various salt spray tests are used worldwide. A typical salt spray uolution, for corrosion test-
ing, would have a concentration of p.10-7 by weight of salt in air. In service, the rapid engine performance

degradation dV3 to compressor contamination by salt water must be caused by salt concentration levels well

in excess of the above figure. However, momentum separation systems for use in icing and sandy conditione
have been found to be beneficial in protecting engines from the effeots of salt water contamination.

iv) Foreizi Objects

Specification foreign object damage testing for engine/intake combinations is generally limiced to single
tests with small birds and either 25 mm or 12 mm diameter hailstones. HoUver, there is itow an increasing
amount of ad hoe testing carried out using items which are know7 to have caused engine compressor damage
in-service eg lockwire, nuts, bolts, electricwa ties. stones, twigs, ice particles of all shapes and sizes,
etc. It is anticipated that aircraft or engine specifications will eventually include more severe engine
FD protection requirements to cover the above items.

OPERATIONAL PROBLEi

The helicopter is essentially a low level airnraft which normally operates below 3,000 metres. If icing
condit:ons are encountered kis ice crystals or water droplets below 0 C), the helicopter is often unable to
'climt over' the weather and has to plough o-i througi Or turn back. Obviously the letter is highly
undesi-able in both military and commercial operation and some form of engine intake anti-icing is essential
to permit flight in forecas; or actual ic'ng conditions. Figure one shows a simple anti-iced pitot intake
which is basic fit f-r the Sea King helicopter.
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After having devised a suitable enr-ine intake anti-icing system to permit prolonged immersion in an icing
condition, the manufacturer is then faced with the problem of protecting the engine from ice particles
which form on and shed from the aircraft fuselage. Typical areas of ice accretion are windscreen support
frames and windscreen wipers - as shown in figure two; taken during icing rig trials of a Sea King at the
National Gas Turbine Establishment, (NOTE), Pyeatock.

The helicopter's major asset is its VTOL ability. However, in doing so, it will generate its own snow or
sand and dust storm when operating fron unprepared strips Or in arid areas where it is impossible to keep
landing areas clean. Operstinv in sandy areas can reduce engine life to tens of hours without an efficient
engine intake separation system - eczcially when several helicopters are operating together. Figures
three arnd four show the Westland Lylx helicopter during environmental trials generating its own sand and
snow storms.

A common role of the modern day helicopter is to carry out Search and Rescue operations over the sea - often
in pale force winds and brvaking waves which cause a high concentration of salt water in the vicinity of
a hovering helicopter. Such an environment, illustrated by figure five, can cause compressor fouling
within minutes to eliminate the hover power margin of the aircraft. Also, the increasing usage of helicopters
from small sLips and offshore oil rigs is likely to increase engine nalt cOrrosion prtblems in the future.

Finally, it is also dEsirable to protect the engine from debris which finds its way into the air intake
durir., maintenance operations and from 'arlous types of debris, other than sand and dust, which becomes
airborne when the helicopter is operating near the fround.

In the early days, the problem of intake protection was app-roached on a role fit aircraft intake basis -
sand extractors for arid areas and heated intakes/intake shields for colder climates. Attempts were later
made to adopt sand extraction systems fo. use in icini-snow conditions but these modifications )ave usually
been only of limited use. To illustrate this point, the development of intakes for the Westland Sea king!
Commrnde, the Lynx and the current Sea King Replacement project is reviewed:-

Sea K-inr/Commnndo

i) The Westland Sea King and Commando are licence-built derivatives of the Sikorsky 361 which was designed
with an electrically anti-iced pitot intake (ref figure one). This intake is simple to manufacture,
has good aerodynamic characteristics and has r relatively low electrical power requirement. However,
early flight trials in icing conditions (back in the 191.0's) showed that large quantities of i-e can
quickly form on the front of the aircraft, especially around the hacted windscreens (ref fipure two).
When this ice sheds, there is a high p'-otbilitY of it being ingested b3 the engines - as has beer the
cna, nr several wioth r'--ulta'nt enginu drange. M

ii) The first attempt made to improve the engine icing clearance for the Royal Navy was by means of an
electrically heated 'Mushroom Intake' (see figure sir). This intake was designed to provide 'line of
sight' engine protection from airframe shed ice particles. Following initial rip icing trials at NOTE,
this intake was flown in natural icing trials by A and A#E, Boscombe Down. These trials showed that
the new intake design induced ice/snow to form on the cabin roof which became an engine hazard: also
the electrical power requirement was found to eiceEd that of the standard aircraft generators.

iii) After the experiments with the 'Mushroom Intaire', natural icing trials were conducted with the
Sikorsky 'Foreign Object Deflector' or 'Barn Door' intak'e. Although these trials. were successful,
concern wan exp-ressod over the proximity to the intake of ice which formed on the front of the bar.,
D-,or or. the pitot tubes and on the engine bay doors. To remove these problemw, a TKIS fl-;id strip
di:rp.;rser system was added to the front of' tire Bran; Door, us shown in fig-ure seven, and electrical
heater mats added it, the othe.- areas. System development trok place once more at P;GTE and f.rther
natural icing trials have resul ted in art engine icin, releasie which exceeds thea of the ur"-''ctcct- d
rotor sy.,;tem.

The Barr, Door intake war design-ed to provide lint, of' night protectior. lrom airfrrrxMe shed ice particles.
It. addition, its shape sloo provides momelt,:m crsprratioe of water droplets froe: I,- errrine ai-rflow
which has; beer showni, ly service use, to be -eneficial in reducing th.e rate of power loss due to eng-ine
comproesor salt contami nation in marine environment.F.

The fitment of this type of irntake to the Sea King prouuces airframe drag, weit~hi and cn-rirre performance
penaltie.s: the latter iti to hoti. prcssure loss and ,n increas' in airflow distortion.

iv) Inuring the saet period, fhe::tar:ds; have d. velnp,nd a role fit sind filter pack b,used on th.e well krowr.
"Cerntirsep' tuae for Miedle Easýt cstomers of the 'Comrmando' ver'sior, of tire 0l . This ••ck has also
ther: tested in 'he 1,2'1 ic. ficilities arid •howed that, although forward facing rariels quickl: block
witi, ice. large side facirg panels can I rovide eit-irne protection from ice particles arid .atc droplets
fo: limited perios is' fi are eigiit' r•omenitur, separation of a large part of tic water droplet.-
occurrirni). Eowev,,r, we h.ave reservations erl tIne use of such devises in all types of isicn conditions
for lot,k- periods of time. Also, side fUc ri"- packs have 1r rgr, intake pres:s-ure drops (relative to a pitot
intake. which, Ric irrcrti:red with. partial ice blockage givirn o large perf rmance porealty due to weight
arnd SFC effects. Tire inlet da:ntortior characteristics of such packs are normally r-ood anrd ptrformarce
perraltien reduced if the ;sr'dk cair hc by-passecd irr normal fli?-ht conditionr - at the expense of further
weight, cost arid complexity.

v) Westlandf3 have also designed a s.ide facing, electrically anti-iced intake for the Sea King (see
figkure niine). The object of the design was to maintain the line of night ice protection and the water
droplet momenitum separation of the barn door intake whilot improving the airframe drag and intake pres-
sure luos. Wined tunnel model arid NGTE icingp testink- showed the fiesit~i objiects had been achieved,

although some further developmeiit may have been required to improve the distortion characteristics.



Anti-icinr power levels were in excess of those required for the standard pitot intake but less than
those for the Mushroom Intake.

Similar intake concepts to those used for the Sea King were applied to the design of role fit intakef; for
the Westland/Aerospatiale Lynx (figure ten) and it's 'big brother' the WG30. The basic aircraft features
electrically heated air intakes (see figure eleven) which are sited to give 'line-of-sight' protection
from the major areas of airframe ice accretion. Wire mesh debris guards are available for use in areas of
high FOD risk and, for hotter climates, we have developed a forward facing sand filter pack as shown in
figure twelve.

Sea King Reolacement

Total intake protection is required for the Sea King Replacement (WG34). This project, now known as the

EHI01, is currently being studied by West] ands and Aguata.

We believe that the mLct difficult intake protection problem is to provide long exposure in icing conditions
with minimum basic aircraft performance penalty. Momentum separation of water droplets in both icing and
salt water environments has been shown to be essential to reduoe the penalty due to the protection system.

The momentum separation principle (as used in the 'Centrisep' and 'Donaldson' tube) is generally accepted
as the best means of providing both sand filtration and total POD protection. This principle has been
studied by most of the engine manufarturers in the world and General Electric are the first in the field
with an integrated, high performance, co-axial separator on the front of their T700 family of engines - as
shown in figure thirteen.

A further use of the momentum separation principle has been used for many years, particularly on Pratt and
Whitney PT6 engines. This asymmetric or bypass duct type of device has been extensively developed by Rolls
Royce, Leavesden, illustrated by figure fourteen aid, by the inclusion of a large bypass duct scavenge flow,
they have produced excellent aerodynamic and protection nodel test results. However, once again, we have
our reservations on the adoption of this type of intake. We believe it has many detail design engineering

problems in providing the necessary ice free ducting and associated large scavenge flow with the general
constraints of a typical engine installation. Aiso, the random 'bounce' of large ice particles ingested by
the intake could cause unacceptable engine damage rates when continually exposed to icing conditions.

After re-viewing the above information, a sideways facing anti-iced intake in coniunction with an engine
mounted separator was selected a- the medna of protection for the £14101 (previously known as the W034).
This intake system was chosen as being the lowest risk means of achieving line of sight protection from air-
frame shed ice, up to five hours mission time in icing conditions aod general sand, FOD and salt water spray
protection.

Dpvelnrmpnt work on the chosen system is well advaicud. Wind tunnai model tests were aimed at producing an
intake with low pressure loss in both hover and forward flight, low distortion and low intake entry
velocities (to further minimise the risk of ice ingestion) whilst maintaining a shape which will provide
good water droplet separation in forward flight. The aerodynamic aims have been met (minimal hover power
loss, less than a 100 lb fuel penalty for a five hour mission and acceptable distortion predicted) and an
icing rig is being prepared to evaluate anti-icing requirements at NGTE late 1981,

The performance of the General Electric T700 separator is well documented (see heference 1). Test work to
ensure that the sideways facing intake doe3 not compromise the performance of the separator has also com-
menced with ice ingestion trials at the Lucas facility, Artington. A T700 separator was tested with aad
without the WHL intake by in)j cing a large number of different shaped ice particles into and past the
intake. The T700 separator had excellent performamce with ice particles less than 12 mm cubed and its per-
formance was maintained witr 'he side intake fitted. Particles larger than 12 mm showed rardom separation
thus emphasisinf the need for line of eight protection for long icing exposure times. Ai:- intaxe velocities
for the side nt -ke were so !,>w that only very small i.e particles were attracted towards th•, intake at
hover power conditions.

CONCLUSION

For total environ;ýental protection of 1'a engine air intake as basic aircraft fit, thrve options are
available for further investigatioa:

a) side facing anti-iced intakes in conjunction witn an engine mounted co--axial separator.

b) a bypass intake duct with anti-ic. cg -nd a large scavenge flow.

c) large side-facing vortex tube type ,.

Each of the above intake protection systess has its own penalties of weight, drag, engine power and SFC,
cost and manufacturing problems. In order to minimise the penalties, close co-operation is require(' between
airframe and engine manufacturers throughout the design and development stages of the he) icopter.

Adoption of any of these three optionn will prooably give an engine protection standard which will permit
sufficient exposure times in hostile entviropments such that engirne powea and integrity is no longer the
limiting factor; only further natural environmental trials will yield the answer!

REFERENCES

1 T700 Engine Integral Inlet Separator - All heather Operatiun

By M 0 Ray and 3 L Browne, General Eec~ric Compary
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Fig.3 Lynx hovering in sand
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Fig.4 Lynx hovering in snow
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Front Frame Scavenge Blower
Swi I Frame Deswirl Vanes

Sand,Dust and
Foreign Objects

ManFrame Scroll Vanes

Integral Oil Tank

Fig. 13 General Electric T700 inlet particle separator
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Forward Facing Air Intake

Fig. 14 An asymmetric separator proposal

1.



17-13

DISCUSSION

K.Rosen, US
Why did you elect to go to the side entry with the T700 which already has a built-in inertial separator?

Author's Reply
For this particular aircraft requiring long operating periods in icing conditions, it is viewed that this design is most
appropriate.

II

'U
I
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RLGIM I. [A: 1)1I RISSI. SUR 1I~LLI('O1'LRY INIIOTI;UR

par

i.P.Dilice et M.Rtrssivr
ALdrospaliale (SNIAS)

13722 Marignanc, Francv

et

II.Dlablxrdic
SocirM' IIURBOME ' A

lordes
64320 hlwiauos, France

RtbnU)IS Rdg-isc do ddtrcnsse bur h6litcont~rc bimioteur.

La tendanco h ln bimoterisation des hdlicoptbreo civil,, ei. militeires, pose ls..question du choix do niveau
do puissance do chaque moteur permettent d'obtenir dles performances acceptables en cas de panno d'un moteor,
particulie-resont ciii trbs foibles vitesnes.

L'utilisatiun d'un rdgise du ddtresee, porsettant d'obtenlir. one fois dens lit vie do meteor, us, niveso do
puissance trbe 'floyd pour uon courto dun~e sonbie Atrs une approche interossanto et premettouno.
Dans one presi~rv partie. lea relations edntr lea3 nivenux do puis-sance de ditrejaiseot lee paranbtren
concernant l'otilisstion do Ilhdliceptiare, massE~ dý.celebie, plefond, consemmation, eo~s en epdrstion, sent
examiness dana lecase d'on prujet d'hdlicupt~ro bimetouLr de tonnageo myoyat.
Dens uric deoxibme partie les perspectives d'homelogation, veins do certification civile d'un tel rdgimc

eour des meteors do technologie actoelle sent examinees.

NOTTIMONS

ERIC : Puissanice maximatic Continue
PRID Puissance maximale ao ddcellage (5 mn)
PIU : Puissance interm~diatiro d'urgonce (fonctiennesent sonomoteor : 30mm)
FMU Puissance maximnic d'orgonce (fonctionnereant menemoteor :2 mn 1/2)

YD Puissance de "Super Ddtres~eo

T3 Tempdretoro d'entr~e turbine
'f.C.0 Codlt total en opdrstion

D.0.C CoOt Direct en npdrstion

PX rix so kg pen km trninsportd

x' : Coefficient de metorisation : Om 150C

Puissance thormigne des meteors so ddcellago
=Puissance ndceeeaire so etfttionnaire 11.E.3

D.F.8 Dane l'cffet de eel
H.E.S : Hors allot do eel
Pm : Prix do meteor

TB0 Petentiel do meteor (Trime Between Overhaul)

PC : Prix do carburent
01 H Consommation horaire do meteor.

t : Temps do IS. mission

1 - ITRODUCTION4.

Le choix do nivoau de ."moturimstion" d'un htdli::nptbre eat teoujouns difficile. Il rsoulte en effot d'un

compromis entre te dsiem d'ebtonir des performances brillantee (par temps chaud en en altitude) pour

pouvoin toucher le eaxiisus do ssrchds, et lee iapdretife de rcntabilitt qui prdoccopent tone lee

otiliesteors en utilisation normale (n.O.c).

Par ailloors ls tendance gdn6rsle eat 4 is bisoteniestion, tent pour lea otilisatione civiles quo

militaires. COci no fait qulaccrottre is diffnoultd do compromis. car ii ant ndcossaire d'ofI'nir des

performances minimalee cur on meteor : ce sent lea monies rdellesenc otilisables par lee otilisateors

civilseact6gorie A, et elles ddterminont lee poasibilitdn opdrat~ionnolles do l'hdlicentbro silitaire (vol

tactique it trba besse altitude, attonte ein statioinneire dornibre des obstacles natorels... )..
Per expdrience our des hdlicept'eres existent on version mono et bimoteur, nous poovons coneid6rcr quo le
"1.prix" do is bimetorisation avec lea conicepts utilieds eujeurd'hiu oat d'envtron + 20 h 25 % Sur is

consommatior. kilemdtnique.

Pour rasintenir dee caractdnistiques opdratiernnollem cemparablos (charge utile, ronge ) conte augmentation
do consoresation ssjootsnt Bi lsaugmentation do masse Bt vide, necessite one augmentatio~n do ls masse

moximale sutorisee so ddcollsge cc qoi pent entrainer des modifications impertantes sun la conception et

mur le urix do l'h6licoptbre censiddrd.
Con 6carts sent en purtio doe so fait quo los meteors oont dimonsioande pour le rdgimc maximum d'urgonco

2,5 mn (car 1e motenisto dolt ddsontrer 2h 05 mar pendant lonnsi d'Iromelogstien de 150 h), cc qoi ontruine

does sotonre plus leurda, plus poissants sit rdgmme de ddcollago et Hyant one censonmaitien apdcifique plus

diov~e h charge partielle nour 2 meteors.

En f'ait, le but rechorchd cot do so pretdgor no micax d'on arr~t scoidentel rI'un meteor pendant certainos

phases critiques do vol:

E n utilisation civile le teax d'arrdt meteor en vol so Aloeu autour do 105 par heure do vol. Main !ae

probubilitd d'anrrt pendant is phsse critique do ddceilnge eat encore bieui plus foible (<1-7): ii ny

a socani can do cc type rdpertorit; tvec lea hdlicoptbres bimeteure do l'Aeroepatialc. 1
L.
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-En utilisation militaire cotta probabilitd oat bian adr supdrieuru (pourrentage plus grand do
phases critiques do vul, rioquos d'impact de projecti -eef,...). Cepondant, m~ine pour ce type
dlutilisation, Is prababilitd reste tollo qulii set onvisageable d'effeutuer ilno inspection ou une
rt~viaiari du matour nyant dO foiictionnor tku rdgiae d'urgence it lai suite d'une panne de l'autre muteur.

Las questions qua nous nous posono at auxqueiies cot oxpoad tente de r-;pondro, seat done las3 suivantes
"Na paie-t-on pas trap char cotta protection contra Is usani, d'uno mateur. coiapte tofu d,- an faibla
probabiiit6 ? No peut-on puila nm'lioror is ultuation on al3~gnant les rdgloe d'honolowtation des rdgimes
durgence, pour pouvoir slier bosucoup plus pri~e des, unites therwiqucoaot mdcaniqna.. du isoter an casa
do paonne do 1'autro muteur'

2 -SlI'TUATION ACTIJLLLE.

Pour qualifier le niveau do motorisatian d'un 1siiicopti?.re nous utilisons sauvant. Xe 'coefficient do
motorisation" Puissance thersique du ou des macours - sal - standard

Puissance adoessaireostationisairo hors effet de sol

Ilaus'a maxi - Saol - Standard.

Ca coefficient vanie habituellewent ont2,a 1I,? at ¶ .5 melon is dugr4 de polyvalence racherch6 pour les
hdlicaptb-rom concerads.

La fig. NO 1 donna quciquen caractninistiques doo 1idiicopt~ron Aerosphtiale do In nauvello &n~ration.

Lo DAUPHIV, n'oec Y ý1 2,26 sot Siant adapidý aix missions on cliant tempera at La Il'uff shore, le 1'WINSTAR

(ý' =1.46) T, 10 SHUil PUM1A (1,52) sent tr'an bian sotorisad at coasarvent do trios bojutios performances
dans don, conditions elimutiquos sdvioros:
tissue maximale d6.ucllsble 111d au standard + 200C 'a des altitudes eupdrieures ii 150o L-.

Maigrd coo niveaux 6iovios de mnotorisation, len performances ostigoaia At (paine auteur au ddcoiiage)
roateat moduoten, surtout flour lea nrocddures "lidliport punctual".

Pour des versions inilitairon do ces hdlicopt'aros, is basain do ourmutorisation narait encore accru par

- i'augaontstiun dos pertes d~irstailatiun (porotection infra rouge, separateur dei particules)

- los exigoncen do vol tr'as pr&s du aol pour lequel ii est souhaitablo de auponimer ia "zone de aunt"
do manibre ' a ouvor i'dquipagu vuire l'adlicootio~ra on can de panne maoteur, quolte quo suit l'altituda
au ila vitessa d'avaacemaat, y coapnis le stationziaire.

La situation 16erite ci-deasus, qut W'est wss qpdcifiqiue mvin hýIidiopt'ares do l'nenoupaciele, eat colic qua
Von pout ubtonir avec des motours dont le rdgiae Naxi d'urgeacto ~2,5 ma) ant dp 0 at 10 ¼1 supdrieur
au rdriae de d

6
cnllns .

L'idde d~un r-igimo du diotresse, qul, tout en maintonmat au nivoau actu. I leg p)uimnances manx continue
at ddcollnge, ot In consmosatlon ap'icifique 'a rdgime nartiel, permoitrait d'obtonir an niveao da
puissance nettament aupdnieur au rdgimo 2,5 an actuel, 1 fain dana In vie du auceur, nest pan nouvalle.
Ella n'a cepondanc pas eacore ddbouchd nor deu applications pratiques en particulaer pour leas utilirstions
civiles, pour lonquellos uno 6voiution des rdgiemaatn misnuose. Eni offot; le prrbi'ane de Is ddmunstration.
at In vdrificacion d'uno toils "capabxiitd" do surnuisnance rants pose6.

Tvous poneona qua, coarto tenu du nivean de fiabilitd des Mateurs utilisuin3 I'aiheure snýtuaiie our nos
hdlicoptbroo, at des impuiratifo 6conomiquon de plus en plus premmaints auxquein soot confrontds lea
utilisateurs, cotte notion do rdgiae de dtitresse eant ptua quo ,)amaio d'actuaiitj et doit Otre prise
noriausoaent en conniddmation, nussi Sian par lea moturistes quo par las organiameo ol'ficielm de
certification.

Pour aetiro on daidence lea avnntorgen dune tels anre o nQ"2 11%1C!!2, T iMt'2' I;l0Er!
realisd une dtudo sur ie thbns d~un hdlicoptiaro Simoteur de rdfdronce dune Massme maximale de 4 tunnes,
6quip6 d~un nouveau motaur"Y"de conception audorno, quo. donne 'a cat hdlicoptiarn us bon nivoma do
matorisation neoan lea eritbres accuols (Fag. 2).

Aprba avoar duitermind leo iiaites a ciies de panna d'un motour. at ddtorminnd lea nivosux de puimasance

d'urgence mouhaitabies dana con conditions, nous tvans msi ein evidence at tent6 de chitinor l'intirht do

pouvoin obtanir do telien puissaneos 'a partir do motour do base Y piut~t qua do ddfiiiar an nouveau moteur
pius puissant qui ddiivronaxt 's m~ma puissance au rdgirne 2,5 an salon Inan crit'arou actuels
d'hamaiogation.

3 -INTMklE'f 1)0 HdilNE 05bD 'RZ

Noun avens auppond dana un premier tempo quo le anteur Y, tel que duifini pr'ic~ddamexit avac mo puissance
do ddcoliuge. on Cs et an Masse dtait capavble de dd.ivner pendant us temps do 1 minute mu asian une
"puissance do duitreaso" pouvant slier nottesent au delL do Is P141 actuelle.

INhus avona ainsi 6tudi6 l'impact Ha nivena do riogime do duitramno our tea posnibititds opdrationnollocs
de I'hdlicoptbro

3.1 -Effet sur lea performances.

A !'aide d'un programme Heý caalc pormttant d'dtudior Is cuaportemont transitoiro do I'hdlicopt'are
spr'ao to panne dPun mato0Ur (ruif. 1), noam avonti pour' diffdrontss conditions extdriouras, diffdrentea
muaeso de I'hdlieoptbro .ddtorsind on fonction do In puissance d'urgence dinponiblo lea hauteurs H
puar loaquollos;
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- Is peuruoite do vol eat possible

- le pesO vertical amý-no h one viteose dimpact do 6 r/n/ (train ddfermt; aisi Fippateil non endeamagOC)

do 2,5 s/s (train non ddfarmd).

Las pianches (NO 3 hi 6) prosentent ceo rdoolta-::i pour lesqoels la suisu3ance eat e.xprieda; in 4': ls
puissance ndcessaire an stationnaire hors efict do sol dons leo nmes- conditions. Les points
int6ressanta se sitoerat h 1'irtersection des courbes de poursulto do vol at don courbes do pose(,
Los rdsoltats ossontiols ent kt6 port~s, sur ls fig. NO 7 qot rdcapi-tole los; rorfornanlcos pessibIcs
en fonction du nivean do puissance d'orgence, variant do * 10 Go t 0 par rapport an rdgime
do ddcoJllaga actual.

Notons quo dens3 cotto 6tudo do simolatieon )e beoso do puissgance d'orgonce n'a jainain excdodI 30 i
at qua le tamps d'accdldration do moteur -'intro le rdgirao it ddcollagpeat le rdgiino d'orgenca a etc
fiX6 4 1 socornde. £;n dassoos do cotta valeur los re~soltata na sent pan Modifads. Si lo temus
d'acc~l6ration oat *upd6rieur ý 2 socondes, ce qui pourrait airriver flour do tr~s forts niveaux
do aurpuissanca, lea -performances obtenues sarajont l~g'aramant affect~sa.

3.2 - Interet economigue do reriso do ddtrossn.

La planche no 2 montre quo le meteor Y, avoc act. igiso a'orgence 8,8 Asupdricur an decollago
n'autorise pratiquement aucuna performance sur u.. meteor, h is masse maxi do 4000 kg poor des
conditions altitude, tempdrstoro plus sdv~tres quo ie standard.

flous avons done imagin4 qo'il 6tait possible d'autoriser nor ce siotaur on rilgisa da "Soupor ddtrossoe
utilisable 1 minute one Lois pandant la via do meteor, dont le niveso oat nottament plus (-10cc quo
celni do r~gime maxi d'urgonce aetoellemont ddfini.

Meteor Y1 dent la PSD eat 24 Asopdrisore ao ddcollage t'I'3 = 1 200C)

Moteor Y2 dent Is PSD eatL 40 oUpirienre 00 deCOllage ('23 = 20C

Poor peovoir mottro en 6vidence l'intor~t 6ennoaiqua d'ona telle approcha, nona avcna comapr6 cos
motenira Y1 at Y2 h deux meteors hypobh6tiquas Z 1 at Z 2' do sOme conception quo le moteor Y do rdfC-

rence dont lea rdgimee maxi d'ur~ec 2,5mn oertifi6a sant so m~ma niveso qua las rdgimes do ddtreaso
des motaurs YI et Y2 (veir p18)

Ces meteors aI t Z2so nt des meteors I'homothdtiqoes" an meteor do rdfdrence Y at ddlivrent loors

puissances FliP at PHU tau m~mas tempdratores -j3 QUO le meteor Y, lour consommation h rdgimo partial
eat 16gbremeat am6lior 6 a h 60 ;1 do ia PM'1 par 1'affet d'6chelle, rmain ddgCrad6o 4 puissance donr6o
(400 kW).
Nous evens calcul.6, pour can diffdreats meteors

-le cefit total en opdration, qui tient compta de Is. censemmatien at do pnri den meteors
T.0.C = A + B Pa + C Pa -t Pc.CH1

TBO

lai charge payante qoi tient eumpta

- do niveao do puissance par Ie bisis do ls masse ddcollsblo, jusqo'ii concurrence de Is masse
maxima la

- do la censesmation
- da is masse do 1 installation motrice (masse meteor plus r6percosaieaa stir hdlicoptitre)

Op= Mv-V - - CH.t

cas maxi flasco h vide sans meteors'

-la co~t do kilogramme transpert6 par kilosbtre qui donna one idde da la renitabaixt6 globale
do 1'hdliceptbro

CK=Cp.V

Les rsoultats seat deuando cur lee i'ig. NO 10 iL 12.

Avoc los procddures catdgerie A hdJlipert penctuel. poor lesqoelles le rdgiso limite actual eat is
PMU, lee gains ebtenus seat asses spectecolsiron our le co~t do Kg/Km.

Pear lea meteors 1 (PSD en PMU =1,24 M)t) on o btient ddjh line r~ddctien dt colat (Kg/Kin) variant do

50 % (P = () to = 150) bh 70 A; (Zp = 0 to = 350C).

Par ailleurs las meteors Y, avee regime 'Super DO trosno" off.-ent on avsntaeo pouvant t teindre

25 5% par rapport tau meteors Z n'ayant qu'on rdgise d~urgence.

Iscorrespondent en fsit IL Is. sopprasuion do la zone d'inadcurit4.



Dane le can des proodduros hdliport ddg~agd, pour lesquellos 16 rdgime limnite oat Is Pjll
(tauz do aont~o impos6), l1apparoil pauvant, dams on premier tempo, prondre do In Viteson
harizontalo pour r~ddiro is puissance ndceaaaira, lee rosoitato soot Sonsiblemont diffdronts.

Los meteors Z ant one capabiiitd do PIll accrue. 1)uoe avnes giuppos6 quo Isur PIll 'tait digalo hi In YVD.
Los performances et Is rentabiiitd do ilhdlicopt~nro hunt donc aadlicrdas.
Pour lea meteurs Y lee performances et ia rontebili~td do l'hdlicopt&,roe :16 oot amndliordee quo si
lo rdgime Pill oat relovd, simuitaodmant au rgimo RiSD.

Dane l'hypothbse ao is FLU out relovdo au niveas der, moteurs I on rotrouve den gains ceaparablee
coux sor hdliport ponctuel ontre moteurs Y et noteurs Z.

En felt, pour les procddureu civilsa cntdgorio A, eec r~sultaitt no doivozit Otro conriddrds quo Pour
lour erdre do grandeur, one 6todo parttcuUi~re )i chaque 1:dliceptbro devant 9tro fnlta pour saveir
juequlh quel nivoso il est intereoaont d'augmanter Is RiD) sans augmenter la Pi11.

Far centre pour doe appicationse "mliteiree' oU ii Wy a psi do poursuite do vol rivet. taux do sentdo
impeoS 'a In Pln, soul lo niveao do FED oa5t ddtenninant pour 1A eurvie do i'hdiicontbro (.t les
rdeuitats prdsantdo (charge utile /Prix Kg/Kin) sent directoinont utilisaulas.

4 -OSB ITSREL3DSM'U3

Lo problfr.aa principal li4 au rdglmo do ddtreseeoact Is. rdsistsrnce des pales do turbine an. ph~nom'ane
do floore Crempdrature ot vitonss).

Neus pouvons censidrerr qua los temperatures T3 actuoliomont rotanuce pour la Odeoliage correspondent
'a one durdo do vie calcuJ~a do 1000 h dane Io cas du motour Y' do rdfdrenco nun rofroidi, ot syant 6t6
dimenslonoid poor attoindre dos TBO dievds.

La courbo n
0 

13 aentre 1idvointi 'on do cotta durda do vie calcuide avec lea niveso de teapdratore. ot is
surpujusanco quo ilon pout atteodre.

A 22 ~4 de surpoisoanca In dordo do vie caiculde tombe ha 10 hi, ii 3J %4 h 1 h et ha 50 ,Z ella nest plus quo
do quolques minutes.

A laide do cas rdsulrats dos calcul or do 1'axpdrionca acquise par TURBHOKECA so coors de norubreusos
homologatians antdrieurae, et (10 25 millions d'heuros do vel, nous pouvons dire quo, ha condition do
r6duir- Is. a~vdrlt6 do Ilessal d-hosaiagation, les mcteors do conception actuolle unt ane cnpatilit6 do
rdgimo do ddtrosse (i fole doen is vie do meteor) sopdrieura ha 120 %4 do rdgisa d6cuilage

- ntre 20 %4 et'25 %4 do surpuissanco (ce qui correspond environ 'a 10 h do durde do vie calcuido) avec it
poesibilitd d'utiliser le nolteur nso r6gir. dugec aprornA-i' 1'tl--ir dc !a2.6i

(cas do poutrsoibe in Vul) -

- ntre 25 %4 at 30 %4 do surpuissance 00 plus (environ 1 hoora do dordo do vie caiculee) aevc arr~t do
meteor aprbo inutilisatian do rdgisn do ddtrosso.

Au delkL do 25 %4 is prdvlsien par calcol devient dif~iciie. Capendant il nseat peseaxclo quo des ossais
ear meteor rdel puissant Odauntrer des capabilitds do rdgireo do ddtresse supdrieuros.

I' eat par aillours int~roeeint de soolignar qua pour is infiin didvation do tempdratore T3S, l'nugmentatien
relative do puiusanco est plus importonte par temps cheud qu~en otandard.

Par example pour lo meteor Y do rdfdronco nails ebtnerine, lee chiffres sulvants

Ito R6,ime Puleean ce [ t3  Vies gdndrateur

1 5 0 P D 1 0 0 5 t 3 H a ' , I 1 0 0 %t

FliP 120 54t 34+ 104,5 5
3 900 _______

P1iD 10054 t3 1idr.10,
350.io,5

MiD 125 4 di ](61. + 103,6 ~
-9000

Denic an fait, use sorpuissance dos 20 5/4 en conditions otandard reprdsonts 25 'a 30 1; deoeurpoianance
par temps chaud, dane des conditione o'u joutosont Is bosomn vet in plus important.

Dane le cas particolior do moteur Y neus pouvena conciura qu'ono ourtempdrature do 1100% par rapport
ao ddcoliaga oat possible (10 h do durdo do via calculdo) ce qul portent one nurpulisoence de 30 5
'a to =350C.
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La ddrinition d'un tel rdgime pourrait Atre

Puissance do Super ddtreueoe

Puissance inaximale approuvde pour i'utilisataon on can do panne d'un inoteur au courts d'un dflcullagef
ou d'un atterritosage et limit

4 
ii use soule pdýriode d'utilination lininterronpuo d'u~no durde maxirnale

d'une minute.

Cette utilisation est accospagnde de l1obligation dad~poser lo moteur pour inspection coaplbte Ou
rdvision gdndralc.

Coinpto tenu des niteaux do teinpdrature ntteinto au cours do l'utilisationi d'un tel rdgime, ii ant ndcoooaire
do s'ontourer d'un certain sombre do prdcautions do manibre hL 6viter lea utilisations istempestioes ou
abusivos:

- armament hi Is demande du pilote (Ia limite normals restant is P1W actucile)

- interdiction do rodiinerrer le moteur aprits util~ieation de ce rdgime~ou utilisetios d'un calculateur
dlendommagement.

Le test, perinettant do vdritior quo) In moteur eat bios capable de antic puisoance, deyrait so limiter

-us contr8le do 11diet du inotour bL des rdgimeo infiriours

-use vdrification rapide du rdgime gdsdrsteur sattist. L'accl4lration du moteur du re6gime do dideollsee
oc rdgime do super ddtresse so faisant onl moins d'une seconds, ce test devrsit pouvoir so faire
pdriodiqueinent Sen1s ostainer do insnibre Significative le potestini do vie du motour. Ii oat certain quo,
lh encore, is surveillance du moteur par calcuisteur d'cndomaagement apporterait uno sdcurit6
suppldmsentaire.

ýumnt h l'homologatios d'us tel rdgimo, nous nensona qu'elle pourrait so idrouler comma suit

Premidyc partie:

Exdcutios de l'essaa d'enduxanice do 150 heures tel quo idrini par is rdglcrenotatios actuelle, avec, on
plus, per phase do 6 heures, dour affichnees durent 10 aecondea dn is vitosse do rotation correnn~ondant
au riozime do -Super ddtreese.

flauxibine partie:I

-Ezs- contloc d'a5 1-wit Is u;yclu ci-spres

- 5 mns. Ralenti Sol
- 1 Inn. Ddcoilugc
- 1 ins. Super ddtresse
- 30 inn. Istormidiaira d'urgesce

- 60 ins. Rigime intermddiaire (cro--sare).

-Ddmostage et oxamen final:

Esomis complemestaires do type.

Pour valuder compfltement un soteur prive avec le reigino do Sup)er td~tresse as -ertein soabre doe es9sais
particuliers do type doivest Itre adaptis stir condi-tiono nouevoles. CoP sost

(A) Esases do fonctlonnemont (Pn nýrticullcr-

CB) Jt;eain do vibrations

(C) Conirdie prilisinaire u'l final de Is suiesane akA n~yme de Senoer stýretec

51 cot convene de no peas faire do- onsurt do puinsonce, fitu r~gimo do Super ditresso, lor. des
contr~bes prnimiisairnu ci finale dos caractdnistiquee den i'eootii d'endur'aice du tyne do 150 heures.

U~A Ccci iaplique qu'el touuli particullur, appropri6, seit felt sar us autre meteor pour i~montror
la puissance diclor~o peer le rnigine tdn Sipor ditroose.

(u) beset d'intt~gnltt en z~urvitcsnoc

Essnai do 2 mun ii in tompurature dovast turbine fd~ciarde pour le r~tipne dit' S5uper ddtrcue~ et it use
vi tense it rotation Leupurieure do 10 - "a cc lb fdu ripCimo do Super ddtrosson.
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Si Von consid~ro Ia faible probabjilid pour quo 10 disposi tif de rdgulation at do commando tombs
en panno prdcis6mcnt au moment do 1'afflchoge de la vitoose do Super ddtroese et si l'on tiont compte

du falt quauprbo l'omploi do ce rdgimo, le moteur devra obligotoirement Itro ddpood at examind, ii
semblo raisonnablo d'adopter la valour do 10 5S deoaurvi tease par rapport h la vitosso de Super ddtreseo.

(E) Eauai d'iintdgritd en eurtemnoratureI

Renal do 5 inn. ht Is vitusce die rotation du rdgine Super ddtresse et ha tine tempdrattare devant turbine
ddpaseant d'au-moxr-s 201C in toandraturo muxiz~ale ddciar4o pour le rdgxine.

C01CLSONt 11.1

L'utilisntion suLn regime t~ie "Super l)6trosse', utilisable one Lois pendant u.,.c minute, ,Armot d'augmonter
trbs significativement ioa performance3s ur on moteur d'un hdlaccptbtre bimotour. Llamdinrecjo.i do
rentabilit6 qui on ddcoulo est trbs attrsctiv,.

Les moteurs de conception actuolle oct unt cepiobilitti importanto de surpuissanco attoignant 30 ý; par
tomps chaud, l'homologation et l'utilisation do tels rdgimea no posunt pas do probibmos insourmontabies.

11. eat done ndceasairs d'ontamor le processus d'dvalutiun does rdgiements d'homoiogation des motours pour
pormettre l'utiiisation do tabs rdgimes.j
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NOUVELLE GENERATION DE BIMOTEIJAS AEROSPATIALE It RFORMANDES DE L'NELICQPTE RE
PERFO31MAf CESCOMPAREES DE REFERENCE
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IMACT 04U REGIME 0"UROFCCE SUR .16 - .OPMANCES PERFORMA4NCU COMAREES DES DWIFFEAEITS MOTtUR ENVISAGES
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FIGURE 7 FIGUWRDE 8UE

CHARGE PAYANTE ET COUT D'EXPLOITATION

DEFINITIONS *,-II-

COUT TOTAL EN OPERATION i C C

T.O.C. = A + B. Pm + C ,+ PC. Cm C

TAO

A :COUIT DE L'I4ELICOPTERE, FRAIS FINANCIERS.,C

MAINTENANCE, EOUIPAGE (HORS MOTEUR)

TBO: POTENTIEL DU MOTEUR C..,

PC PRIXDU CARBURANT
Cm CC'NSOMMATION HORAIRE IDU MOTEUR

Ci.APGE FAYMENiE -1HIIVRA
('.P= MT - MV - 2 ml - CM. t FIGURC 10

COUT DU KG PAR KM TRANSPORTE

CK T.O.C. CHARGE PAVANTE ET GOUT O'UTI LISATION
Cp . V..

FIGURE 9

CHARGE PAYANTE Er couT D'EXPLOITATION - .. C

FIGURE ¶2

DU REE DE VI E CALCU LEE DES TU RB INES

IJ SURlPUISSANCE .r

FIGURE 11 -- -- - ----- ------- ----------

FIGURE 13
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DISCUSSION

K.Rosen, US
Would you plan on having an autoniatic increase on the temperature limiter in the event of an engine failure?

Author's Reply
It is agreed that such a limiter increase munst be provided and must be automatic.

R. de Gaye, . I K
Does the Makila engine have provision to reset the maximum level of power on the remaining engine in the event
of a single-engine failure?

Author's Reply
Not at this time. However, the engine does have capability of an emergency rating higher than the normal maximum
contingency rating. Such operation has yet to be demonstrated.

R. de Gaye, UK
Could you comment on the need for such an emergency rating device since gearbox torque limits could also be used
as a controlling device?

Author's Reply
In the case where you do not have a torque limiter, control of gearbox torque is certainly suitable and has been used.
However again, when an automatic temperature limiter is utilized, provision for by-passing this limiter during an
engine failure must be provided.

I
1i
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ENGINE/DRIVE/AIRFRAME COMPATIBILITY - A WAY OF LIFE

Carl Albrecht
Manager of Power Train Technology

Boeing Vertol Company
P.O. Box 16858

Philadelphia, Pennsylvania 19142

ABSTRACT

Virtually agll ofthe helicopter manufacturers have encountered some form ofeengine/drive/airframne compatibility

situation for which there was concern during the early development stages or during production of a new design. Studies and
anialysea of such compatibility problems have now become commonplace and can be considered a way of life in the
helicopter industry. This paper discusses various compatibility encounters on Boeing Vertol helicopters, their analyses, and
their solutions as affected by cu'rent technology and engine/airframe manufacturer relationships.

GENERAL

The concept of system compatibility is certainly not a new one. Perhaps one of the earliest problems encountered on
helicopters was that of ground resonance. This necessitated the need for evaluating the compatibility of the rotor system,
rotor damping, airframe inertia, oleo placement on the aircraft, and oleo dampinj characteristics. Betause of these early

experiences ground resonance is now well understood; the analytical tools are available and are properly considered in the
early design stages of the helicopter. Since these systems are usually all under the control of the ,irframe manufacturer, there
is little need to interface with other subcontractors.

With the sophistication of cu.,ent turbine-powered helicopters, however, have come imany new problems
involving the compatibility of the major multidegree-of-freedom systems: rotor, control, airframe, drive train, and
powerplant. It is unfortunate that problems related to dynamic interface items were often among the last to be encountered;

they therefore become the most costly to correct.

Extremely close communication is required today, not only between the several technical disciplines but also
between two or more manufacturers, if a problem is to be solved before the product reaches the hardware stage.

Fortunately papers have been written and reports issued that summarize the system compatibility experiences of the

various helicopter manufacturers. A wealth of information on this subject is available In References I through 7.
.Tha mesnander of this paper is devoted to a detailed review of various compatio'lity encounters at th oeing Vertos

Company over the years from 1964 to the present. The solutions to the various problems, for the most part, were not highly
sophisticated; in fact, most solutions were attained from the application of basic engineering principles to state-of-the-art
analytical and test techniques. Specific examples have been selected that relate to each of the various helicopter systems.

ROTOR/ENGINE COMPATIBILITY

Situation

During a twin-engine rotor start, three lag dampers were damaged due to overloading. This occurred on the
CH-46E helicopter in 1975 shortly after higher-powered TSg-GE-16 engines were installed.

Investigation

The rotor lag d-mper: act as stop, during rotor low-speed accelerations. The allowable torque which the dampers
can withstand is a function of the rotor speed, since centrifugal force on the blades provides a relieving moment about the lag
hinge and therefore decreases the amount of torque which must be absorbed by the lag damper. The rotor startup procedure
and fuel control management were therefore key factors affecting the magnitude of damper loads.

The engine fuel control lever, which normally has a linear relationship to torque from ground idle through
maximum power during steady-state operation, was found to exhibit nonlinear characteristics during transients. These
t' nsients resulted from various limiting functions within the engine control system and the required switchover from
g..,-generator power control to power-turbine speed governing. Increased input on the control shaft increased the engine
output and decreased the time to reach operating speed. Because of the acceleration/time effects the pilot had very little

control of the tor-lue peak.

Solution 4

A detent, or gate, between the GROUND IDLE and FLY positions was provided to enable the pilot to accurately
dwell at a safe engine power setting and thereby reduce the possibility of an overtorque. Figure I shows the relationship
between the maximum engine torque developed and the engine control shaft setting, including the effect of ambient
temperature. The detent set at the 40-degree position of the engine control lever provided assurance that the torque V ould
remain below the continuous twin-engine tracsmirsion torque limit of 100 percent down to 0°F ambient. In addition, it was
required that the rotors reach a speed ofS0 rpm (30 percent) prior to advancing the condition levers from the GROUND IDLE
detent. This insures that the blades develop sufficient centrifugal force to eliminate the possibility of overloading the lag
dampers when rotor shaft torque is increased.

ip.



Commentary

The CH-46 helicopter Uust operate from aircraft carriers. For such operations it is desirable to bring the rotor blades
up to speed as quickly as possible. This is done with articulated rotors to prevent excessive blade flapping that might cause

blade contact with the fuselage, due to the gusty, turbulent air conditions on the carrier.

In this particular case the desire to reduce startup time was inconsistent with the loads generated during startup and

therefore a compromise was necessary. The transient analyses performed served only as a guide in understanding trends. The

final solution for starting procedures was established, however, through testing and service experience.
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AIRFRAME/ROTOR/DRIVE COMPATIBILITY

Situation

A considerable amount of fatigus cracking had occurred in the secondary and redundant structure of the airfrarmes

on CH-47A. B. and C helicopters during 1969. Although the cracking was not considered to be a safety-of-flight problem, it

did have an effect on maintenance manhour and therefore became the subject ofa significant effort to establish the cause and
a solution.

Investigation

The interacting systems were found to be the rotor, drive, and airframe. Flight-test data indicated the presence of 3-
and 6-per-rev dynamic pressure fluctuations due to rotor blade passage over the fuselage. These fluctuations, as shown in
Figure 2. were dependent on both helicopter forward speed and gross weight. Figure 3 shows the crown frame stresses
resulting from the pressure fluctuations and their relationship to the allowable stresses.

In addition to airframe cracking, there was also an excessive failure rate of the synchronizing shaft support apring
mounts. Analysis indicated that the aerodynamic pubes were exciting the crown frames and the shaft mounting structure in a
coupled mode at near-resonant conditions.

Solution

The most simple and straightforward solution in this case was to detune the crown frame structure by stiffening the
frames and by providing proper synchronizing shaft support mount stiffening. The effect of the structural modifications on
stresses is shown in Figure 4. With stress levels reduced below the fatigue allowables, the problem was eliminated.
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Comntuisrary

At that time the use offinite-lemnent analysis fur the evaluation of airframe structure, both front a dynamicanalysis
and strength analysis viewpoint, was in its infancy. Today, however, such methods are being used by most helicopter

manufacturers and can be used to evaluate airframe frequencies, modes, and stresses due to applied pressure fluctuations,
Such calculations now can and should be performed during the design stage and not after the aircraft is in production.

DRIVE/AIRFRAME COMPATIBILITY

Situation

In 1964 a failure occurred on the connecting quill shaft that transmits torque from the combiner transmission to the
aft transmission on the Boeing Vertol 107 helicopter, No metallurgical deficiencies were found and the original qualification
testing did not reveal any potential structural problem with the quill.

Investigation

The connecting quill shaft serves to transmit torque between the combiner transmission and the aft rotor
transmission of the V-107/CH-46 helicopter. Physically there are two complete and separate transmissions, but they are
connected by a piloted and bolted flange into one unit as shown in Figure S. Because of the arrangement of mounts (four on
the rotor transmission ; d two on the comsbiner transmission) and the airframe stiffness, rotor torque is reacted at the
combiner mounts as wels . at the retor trainsmission mounts. The resulting deflections of the airframe structure as well as
internal deflectiouns in each transmission impose displacements at each end of the quill shaft. Therefore, in addition to its
primary torque loading, the connecting quill shaft is subjected to secondary (and, in fact, far more significant) alternating
bending loads which can quite easily exceed its endurance limit if not adequately controlled. This is illustrated in Figure 6.
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Figure 5. Transmission/Airframe Mounting Figure 6. Quill Shaft Alternating Bending Moment
Configuration Versus Rotor Shaft Torque

Solution

The induced bending was controlled by introducing a tapercd shim at the bolted flange between the two

transmissions. This shim has the effect of biasing nr building m, a fix" misaiignment that is opposed to the displacements
induced by the rotor torque.

in addition to the use ofa tapered biasing shim, an installation of this type requires that manufacturing tolerances
be held within tight limits. In this case the concentricity and perpendicularity of the piloted flange surfaces on both
transmissions are controlled so that they cannot offset the effect of shimming. Careful control of the complete transmission
installation in the airframe was necessary to pievent unwanted distortions since the mounting surface consists of six points in
the same plane.

Commentary

Once again, the fact that this helicopte- was designed before the age of sophisticated computers and finite-element

analytical programs did not permit accurate calculations of the structural airframe stiffnesses and deflections during the
design stage. This capabilhy does exist today and is being used during the design stage to establish realistic load distributions

and displacements of transmissions mounted in a flexible airframe structure.

ENGINE/DRIVE/ROTOR COMPATIBILITY

Situation

In 1969 when the model CH-47C helicopters with T55-L-7C engines were converted to the full C model by

incorporating T55-L-11 engines, fluctuations in engine and rotor shaft torque were observed. The fluctuations were audible
and were disconcerting to the pilot and crew. The primary differences between the -7C and -11 engines were a 50-percent

increase in power turbine inertia and a new, more responsive, fuel control configuration.
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lnves.tigation

A computer simulation of the CH-47C rotor system with the T5S-L-I1 turbine engine was made before initial flight

testing began. The simulation indicated favorable engine control stability. Initial ground aud flight testing with the new

installation resulted in unacceptable oscillations in torque and rpm. The oscillations were observed only in hover and on the
ground, not in forward flight.

A study oftphrtinent parameters indicated that the slope ofthe blade l yg damper force-velocity curve below the
preload force level had a significant effect on torsional stability. When this curve was artificially stiffened beyond its actual

linsits, as shown in Figure 7, the analysis reproduced the oscillation. Once the oscillation had been simulated, the analysis

showed that it could be eliminated by reducing the steady-state gain and using a slower fuel control response.

Flight tests were then conducted with a set of Ing dampers having a significantly reduced preload slope together

with the original fuel controls. The tests showed that the oscillation was suppressed. Since the Ing damping capacity had been

Solution

Flight testing was conducted on a fuel control with a 30-percent reduction in steady-state gain and apq increase in

time constant. This provided ac ceptable engine torque stability in the cold and over the entire engine operating envelope.

Pilots noted that the engine response to input power- demands was not perceptibly degraded with these slowed-doovn
controls. These modifications were then incorporated in the CH-47C fl.-et and have provided an acceptable production fix.
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Commentary

The rotor/engine control mathematical model required an accurate model of the lag damper which included .the

hyd.'u'.c! .¢png eff~A ,0 fthe damper. inclusion of this lag damper mathematical model into the torsional stability computer

simulation accurately reproduced the torque oscillation with the original fuel controls. Frequency of oscillation, phasing,

and magnitude of damper force, shaft torque oscillation, and fuel flow fluctuations were simulated accurately. The final

simulation can be seen in Figure 8.

During the program, it became apparent that the engine and airframe manufacturers can easily coordinate their
efforts to prevent this type of incompatibility. The airframe manufacturer can provide rotor and drive parameters to the

engine manufacturer and the latter can provide a model of the engine and fuel control system.

ACCESSORY/DRIVE COMPATIBILITY

Situation

During the preliminary airworthiness evaluation of the CH-47D helicopter in 1979. a failure of the forward

transmission oil cooler fan impeller occurred. The fan impeller was replaced with a new unit but within a few additional
flight hours this fan also failed. The failure modes were identical to each other and resulted in a high-frequency but

low-magnitude vibration due to the unbalance generated. These fail.ares were somewhat puzzling since the impeller had
successfully passed all other standard vibration tests.

Investigation

The failures that occurred were identified as fatigue which initiated at the junction of the fan blade to the rim.

Resonance surveys were conducted ot the impeller which indicated potential resonant modes within the operating rpm range

L of the helicopter. A dynamic strain survey was then conducted to evaluate the magnitude ofstresses at the failure origin over

its full operating speed range.

SL- . . .nn n n n
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The result of the stress measurement. is shown in Figure 9. it was evident that the stresses were exceeding the

endurance limit due to a resonant amplification of the stresses at about 240 rotor rpm. This speed, however, is considetably
above the normal operating speed of 225 rpm. The helicopter had been flying at the higher rotor speed primarily for the

acquisition of performance data and the (an had therefore been operating at significantly higher stress levels.

A finite-elemen* analysis of the impeller was conducted in order to establish reaonant frequencies and mode shapes.

Excellent correlation was obtained between the analysis and the resonance survey testing. The model thereby identified a
means by which design modifications could be made.

It should be noted that the presence ofa resonance within the operating range does not necessarily mean that a failure
of that component will occur; a substantial excitation source at that frequency is usually required. In this particular case the

excitation source was the spiral bevel input pinion/gear mesh at mesh frequency (3,400 Hz). Since the impeller was mounted
directly on the pinion shaft, the normal attenuation that would occur with a slender, torsionaLy soft, drive quill shaft was

not present.
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Solution

T1 z•untrflent analysis indicated that by shortening the impeller blades by only 10 percent tLe critiLal resonant
frequency was increased until it was considerably above the operating range. The modifications were made and the dynamic
strain survey was repeated. The results of the modification resulted in a reduction of stresses well below the endurance limit,
as shown in Figure 10.

Although the shortening of the impeller blades resulted in a slight reduction ofcooling capability, it was adequate
for the initial development aircraft. The fan vendor redesigned the impeller to increase the cooling capability to the original
design requirement while insuring a resonance-free operation within and beyond the design operating range.

Commentary

This represented a design application where finite-element analyses were used to accurately establish on a complex

drive system component the resonances causing failure and thenk to provide a solution. Although vibration qualification
criteria such as MIL-STD-8IoC exist and are used on Army heliconters the actua'l env-.cnrtncn ('"nmpu ;i*uti- - -"-': is no.

known until after the hardware is built and tested. The compatibility requirements between the airframe manufacturer and
the accessory vendor would have to be based on experience obtained on similar installations. It should also be noted that the

military specification qualification requirements do not cover excitations for gear mesh frequencies greater than 2,000 Hertz.

ENGINE/AIRFRAME COMPATIBILITY

Situation

In 1970, shortly after the introduction of the T55-L-11 and -IhA engines into the CH-47 helicopter, field service
reports indicated an increase in engine, engine component, and engine mount-related problems.

Investigation

The CH-47/T55 engine installation is basically hard-mounted. It employs two front mounts on a yoke at the engine
inlet housing and an aft vertical support link at the engine diffuser flange as shown in Figure 11. The outboard yoke-to-

airframe point is connected by a drag strut to take out high fore-and-aft maneuver loads. Engine vibration had rarely been a
problem on the CH-47A and B models with this type of installation and with the TSS-L-7 engine.

An extensive in-flight engine and aircraft strain survey conducted in 1970 provided a wealth of information on
CH--47C engine/airframe interface dynamic characteristics. in particular, the survey identified rotor 3/rev as the
predominant excitation frequency in the engine mounting system. Inlet housing stresses and drag strut loads were also
shown to increase significantly with changes in rotor speed, thereby indicating a resonance. With these findings a ground

shake test was conducted to determine the resonant mode being excited by rotor 3/rev.



The shake test revesaled a 14.2-Heirta rigid-body yaw moe&. Installation of the -11A engine (40 pounds heavier)
dnq~ped the modal frequency by 0.4 Hertz and, together with a rotor rpmi itncrease froms the A to the C models, resulted in
operating its closer proximity to the resonance. The not effect was an increase in 3/rev inlet housing stressee. Additional
testinag ohowed that reducing the drag strut bolt torque could lower the engine yaw mode frequency into the CH-47C
operating range (11.5 to 12.5 Hertz). Complete elimination o.the drag strut lowered the mode to 7. Hertz. well below the
CH-47C operating range. Removal of the drag strut, however, woo not a practical solution since it was needed to assure
accetptablet cross-shaft aligumantStadler high maneuver g's sod jet thrust loads.
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AFT MOUNT3.bOIN LB~TORQUE

lan SLOTTED STRUT
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220 O 23tD 24 M

ROTO 220E RPM 25

Figure 11, CH-47C T55 Engine Installation Figure 12. Engine Inlet Housing Stress at 140 Knots

Solution

A flight teat was conducted with a slotted drag~ strut that is. the strut was free to move without restraint through
normal operating displacements. but it bottomed uuder higner maneuver loads. The result was a substantial reduction in

engine inlet housing I/rev stresses, as shown in Figure 12. The slotted drag strut did not adversely affect stress due to other
prime rotor harmonics or produce any siguifica~t 3/rev response during the engine starting procedlure. No rise in streasse

occurred when the strut bottomed. This was therefore felt to be an adequate solution. Experience has shown this to be a

pro~ner solutitoni ttince no fin-Unr- hi-ve ccccunrmd a!-- the s~tmtcardaca~mi

Contir-Iari fot odce tte t rdc nialto

Anaytialeffrt coducedat hetime topeitlotlaindynamic characteristics met with only limited

success. Manusal calculations for fuselage stiffoesses were used initially and finite-lement model analyses were used later.
The accuracy of the anatlysers, however, was fouand to depend significantly on model idealization and on end-caudition
aassumpeioue, anJ therefore very detailed mnodeling was required.

In this came engine beading was not a countibuting factor. In installations where it is a factor, close coordination
bntween erglinse and airfrarne manpfscturers is required. Frequency modal analyses can easily be conducted with current

technology through deauiled futlte-elensmot models generated with cloea cooperation between the engine and airfrmie

manufacturers.

CO)NCLUSIONS

It ii; evident from the few ezxsmplus cited that there are many variations on the enginc/duive/airfriwue compatibility
themne. It is not always possible to establish cause-and-effect rel-itionships. However, through a combination ofanalysis iand
tasting, prvpe' compatibility is ustially achieved. Some specific conclusions, based on the examuples presented ane:

1.- Analysis and/or rotor/ drive/englar' systemn integration testing is required to establish optimum starting, operating, and
Fleaking procedures.

2. Airframe prinel excitations due to fluctuating aerodynamic pressures at rotor n/rev frequencies shouild be evaluated with

a finite-lement model of the entire airframe structure In order to establish the resonant frequencies and the forced-
response stresses.

3. Helicopter emigine/drive system torsional instability can be prevented if care is taken to accurately represent bot engine

and rotor systems in the torsional arsa~ysis. Particular attention should be paid to proper lag damper representation,
Including hydraulic compressibility efficts.

4. Self-eACited vlbratinns of transmisaion-mounted component% cars be minimtized by using finite-element analytical

methsods in the design stage and by testv srification of the initially received hardware. Analysis and testing should not be
limited to rotor - per rev and shaft per rev, but should sisclutle gear tooth mzs fiftlesuency excitations as well.

I. Accutrate finite-element method analyseLs and/or shake testing of all enj.:ne instsillationsr, whether bard-mounted,

detnued. or isolated, are required to determine potential vibration and stress problem anreas. It is desirmble to formulate 1
eugine/airfframe manufacturer interface Wgeezuents during the early design stages in esider to obtain a timaely resolution
of the potential interface dynamic problems.
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6. It should be e-ident from th-5 review that many of the problems discussed occurred many years ago (as much as 16).

Because of tZ encounters the need for compatibility analyses between various systens was established and has
therefore become a way of life with today's helicopters. A combination of advancements in technology and improved
commuyjications between prime and subcontractors has significantly reduced the recurrence of such problems during
the past several years.
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SUMMARY

Helicopter transition flight regime and extreme flight maneuvers determine abrupt variation of the
rotor drag torque during each revolution. The corresponding effects on the engine are particularly treat-

ed in the present paper.

Rotor rotational speed fluctuations are found to be less than plus or minus ten percent. Repeated

surging and the attendrnt transient torsional loads from the engine can cause damage to the airframe com-

ponents.

The angular rotur acceleration, cyclically variable, is also influencing the turbine gas producer ro-

tor speed, introducing flow distortions and aeromechanical effects in all the engine. It is found that

periodic and inertial blade loading may have serious consequences with respect to discs and shaft to which

the blades are attached. Flutter may by expected to exert oscillato°-y blade root reactions. The higher har-

monics of the excitation over the discs may provoke relevant flexural modes of forced vibration.

Operation in transient rating with pitch increase or decrease has the greatest effect on the heli-

copter flight performance, owing to the power application capability and the fuel control system adapta-

bility. It is therefore shown that, for having sufficient engine-airframe dynamic compatibility, aircraft

developments have to incorporate some very significant technical advances, including harmonic integrated

controls for propulsion and flight systems.

INTRODUCTION

The rapid trim change determined by the pilot during helicopter transient maneuvers is quite often

interfering on the engine, in such a way to give inadequate fuel feeding. Moreover, the rotor blade aero-

elasticity, as result of cyclically variable airloads, may introduce alternating stresses and fatigue ef-

fects on engine components. Because of the rotor-fuselage integration, aeroelastic instabilities in ro-

torcraft have to be predicted for a more reliable engine control design, Ref. 1.

The fundamental limitation on helicopter maneuverability is the rotor's maximum equilibrium thrust ca-

pability, as instantaneously delivered by gas turbine engines running at rpm much higher than the main ro-

tor.

Fatigue limits imposed on helicopter engines are more severe than in other automotive applications, be-

cause of the vibration level induced in the engine core. Periodic aerodynamic and inertial blade loadings

may have serious consequences with respect to the shafts and the discs to which these blades are attached.

Flutter, with either random or uniform phasing between adjacent blades, may exert oscillatory root reac-

tions that integrate for the entire disc and excite a shaft resonance.

Significant transient loadings of engine structure itself are associated with rotor blade torsional

and flap-lag oscillations, figure 1. Moreover g forces from helicopter turns, pullups, hard lcrdings,

etc., act on the lifting and thrusting rotor and cause displacement of the rot-iting part' of the engine,

as consequnnce of accelerations as high as 10 g in some maneuvers. Large gyroscopic moments are created

when a spinning body such as the turbo-engine rotates about some axis other than its spin axis. The size

of these moments is a function of the body spin specd, mass and distribution of mass of the spinning parts

about their spin axes (as transmission systems with roller gear reduction unit), and the helicopter pitch/

yaw rate. The resultant forces cause damaging cyclic bending of the rotating disks, blades and shafts.

Gyroscopic momenta of military helicopters may be of the order of 270 m- kN. It should be noted that gy-

roscopic forces are generated not only by helicopter maneuvers but can also be induced on engines. With

the per cent occurrence of the standard maneuvers load spectrum, the calculated lifetimes may be more than

5 000 hours for the rotor shaft, 11 000 hours tor the rotor hub and 22 000 hours for the blades, and much

less for the gas turbine engine.

MANEUVERABILITY AND ITS SIGNIFICANCE FOR ENGINE OPERATION

Considering maneuverability, the load factor capability is most important. The limits are: engine

lower in a steady turn, and rotor stall in a deceleration turn. For future helicopters, g levels over 3,
up to high speeds, will be required.

Maneuverability is probably one of the most important requirements in military helicopter operations. It
is largely del'endent on the type of rotor system used. A high degree of maneuverability can only be ob-
tained with a rigid rotor, figure 2. In fact, for hingeless rotors without flapping hinges, it is possi--
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ble to transfer high moments from the blades to the hub and the fuselage.

FE ATUR HING6

FLAPPI ILAGGING

Fig. 1 - Typical hinge arrangement. Fig, 2 - Rigid rotor head.

While the relationship between maneuverability and the functional mechanism is well understood today,

as in terrain avoidance maneuvers and nap-of-the-earth flights in typical antitank missions, quantifica-

tion still poses some problems. Frequent and abrupt changes in speed place severe stresses on the engines,

gears, and all dynamic parts, which are reflected in special engine requirements, as in a terrain avoid-

ance compound maneuver. From positive acceleration, as large as + 2g , during pull-up, the three dimen-

sional mission is here going on through negative acceleration (sometimes in between - I g and - 0.5 g) in

the following push-over/rolling maneuver, figure 8. The practical consequences of such maneuvers are shown

in figure 3 with the comparison of the helicopter exposure envelope for a hingeless and a teetering rotor

(figure 4). The reasons for the different behaviour of the teetering and the rigid rotor are found in the

different control moment capabilities of the two systems and the corresponding steering reactions.

The control helicopters with articulated rotors is mainly done by inclination 3f the thrust vector S, fig-

gure 5, thus producing a moment around the center of gravity of the vehicle. For a helicopter with a

hingeless rotor system, an inclination of the thrust vector is combined with a strong hub moment, and the

moment around the center of gravity is a combination of this hub moment and the mument due to the thrust

inclination. The loading of the rotor shaft and the gearbox with its suspension is different in the two

cases. For the articulated rotor the moment is built up linearly toward the center of gravity; whereas

for the hingeless rotor the hub and the shaft are subjected to a relatively high moment loading. Trim

conditions, which need a rotor produced moment to overcome the travelling center of gravity, require an
alternating first harmonic moment in the rotating system for the hingeless rotor. Because of the equiva-

lence of cyclic control and blade flapping, only an
inclination of the thrust would be necessary. Higher

T HERING ROTOR harmonic blade loads resulting from the flow condi-
tions in forward flight produce alternating forces at
the hub for both rotor systems, and, in addition, for

the hingeless rotor, moments atthcrotor root and the

hub. The feature of the hingeless rotor of trans-

n -A)and the fuselage results in a changed situation for
S/HINGELIS$ ROTOR ferring high moments from the rotor-blades to the hub

the control characteristics. The control of the hel-

icopter becomes more powerful, faster and more direct,

b and nearly independent of rotor thrust.

As in figure 5, the control moment around the center
of gravity of the helicopter is only produced by the

Altitude over cover '• 50 m for teetering rotor tilt of the thrust vector, in the case of central
'15 m for hingeless rotor flapping hinges with teetering articulated rotors.

This moment is relatively small, but an additional

E e 25 a for hingelesa rotor rotor moiaent is produced by the shear-forces at the

flapping hinges. This rotor mcment is much higher

Fig. 3 - Helicopter terrain avoidance maneuver, (about five times that of an articulated rotor) in

the case of the hingeless rotor, which can be consid-
ered equivalent to an articulated rotor with a flapp-

ing hinge offset of about 15 percent.

Military helicopters require a maneuver capabil-
S.1 ity beyond a hover out-of-ground-effect condition. A

power/maneuver margin equivalent to a vertical rate

of climb of 150 mpm (meters per minute) was estab-

lished as the minimum acceptable reserve. But higher turbu-

lence levels are encountered with vertical component

of 300 mpm, as in advanced attack helicopters. Typ-

ical mission requirements for military attack and tac-

tical transport helicopters are: operation in confined

areas; vertical or near vertical takeoffs and land-

Fig. 4 - Teetering rotor. ings; downwind takeoffs and landings, which increases
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demand for lift and power; reserve power to arrest high sink speeds and zero out airspeed at the landing

zone; power requirement Similar to vertical climb criteria for successful aborted landing.
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Fig. 5 -Rotor control moment capacity.

These technical requirements are determining the configurations of future military helico,.ters, i.e.: high-

eat possible maneuverability, also in negative acceleration flight envelope; dual engine concept; perform-

ance reserves at all possible conditions; dual redundancy or fail safe concept of all important components.

In th, tactical environment,' rapid and extreme maneuvers will be necessary, with: maximum load factors up

to 2.5 g; roll angles up 1.4 rad; rtlling speeds up to 0.9 rad/s; pitch angles up to 0.7 iad; pitching

speeds up to 0.7 rad/s.

The rapid change of these parameters up to their extrcmea will, of course, result in high loads. Drive

systems are designed to use 120% of the current power available at the design condition of 1 200 m/308 K.

In addition, these drive system design criteria allow more efficient use to the higher engine power avail-

able at low altitudes and/or low temperatures, where heavy weight alternate missions are required.

Nearly half of all accidents can be attributed ro factors related to inadequate performance or con-

trol capability. Nearly 25% of the total are related to inadequate design features which are being cor-

rected or enhanced in the new design, such as: dual engines with single engine inflight capability, to

minimize accidents attributed to engine failure; advanced materials technology and redundant design fea-

tures to help eliminate material failuren; instrument flight capability to avoid weather related acci-

dents; enhanced damage tolerance features to minimize effects of foreign object damage to engine and air-

craft structure.

Oue of the critical mission that seizes the helicopter in the preliminary design stage is tne high-

speed flight requirement at sea level and 3 000 m density altitude with an adequate performance envelope,

figure 6.

Peak engine power is required in maneuverability W CRUS

to make rapid changes in flight path and altitude un- .

der the precise control of the pilot, as, for in-

stance, in hovering maneuvers (turns, jump take-off, D(CIPANO,

and quick descents), accelerations and decelerations, AN D

and target acquisition. Load factor varies over a

wide range through the maneuvers. _D
A typical turn maneuvers is described on figure 7. In wF

order to accomplish turn maneuvers, an analytic auto- ¶$vLEVE 5TANDA0

pilot is required to present the pilot flight-path e, AND

control in executing the maneuver with load factor as -'AI oM A ,cIT,, Dt0"115 AIITUol

high as 2.0, After a load factor build up time, it ANDCCOMB

follows a maneuvers execution time of 3 seconds dur-
ing which the load factor equals or exceeds the spec- Fig. 6 - High speed requirement.

ified level. For instance, the terrain-avoidance ma-

neuver requires pull-up to achieve 1.75 g's at 150

knots within 1.0 second, sustain 1.75 g's fur 3.0 see-

onds, push-over to achieve 0.0 g for 1.0 second, [ECILERATING ft.. TO

The 1188-B0 105 hingeless rotor helicopter, for in- TURN LEVEL FLI6NT

stance, offers the potential, as other modern heli-

copters, for acrobatic loops, figure 9.

The propulsion system is often responsible to fail ACCELERATIRS

stantly excessive loading factors imposed on the cy- moor

clically variable rotor torque during the pilot tran-

sitional inputs from a flight segment to another. The IRITI1L

computerized fuel control is effectively inadequate Not M VL

to establish continuous equilibrium between shaft LOAD FACTOR

drag torque and delivered engine torque, in that re-

sulting excessive rpm inertial dissipation.

Moreover, limitations are imposed up on the opera- Fig. 7 - Typical turn maneuver.

tions of helicopters as a result of the high saer-



elastic vibration levels encountered in flight, and transmitted to the driving engines, The associated pe-

riodic loads on the engine rotating parts, particularly during the so-called transition flight regime be-

tween hovering and forward flight and during high-speed flight, are contributing substantially to material

fatigue and consequential high rate of replacement and maintenance of component parts. Extreme flight con-

ditions are right and left turns, rolling pull-outs, longitudinal reversal, cyclic and collective pull-ups,

slope landings and starts.

Output shaft rpm cannot generally vary more than lGZ, and gas turbine engine operation may become crit-

ical at the minimum rpm values, with a consequential loss of rotor thrust.

Surge still exists in engines that have been abused. Repeated surging and the attendant transiehia torsion-

al loads from the engine can cause damage to the airframe components.

The interstage bleed system automatically relieves the compressor of a small amount of air, during the pe-

riod of the engine acceleration cycle, at slight loss of power. The entire sequence operation should be

controlled by the fuel control which should sense gas producer rotating speed, fuel flow and pilot de-

mand, therefore ensuring proper opening and closing of the interstage air-bleed.

The fuel control is a hydro-mechanical device, with fuel regulator and power turbine governor. The accel-

eration and deceleration fuel flow control may be in excess of the engine's ability to immediately produce

the desired power. To get a good performance, the amount of fuel added to the air in the combustor must

be exact at all times, in acceleration, deceleration and steady state engine operation.

,-PUSH-OVER, ROLLING MANEUVER t! ~ 31
-Is Rr Al. oiI,,FLIC5ITEST

-5 , 4 8 12 -

I W ot
PULL -

I -AN 
6 9o l40 150 212 - 0 4 6 12-,

NORIIOR L DISTANCE (a) NINE (s

Fig. 8 -Typical terrain avoidance Fig. 9 - Potential arrohatic o, r

compound maneuver.

As a result, the engine should be brought through transitory condition as rapidly as possible, keeping the

rotorcraft out of dangerous mixtures. Boost pumps, check, metering. dump, pressurizing, and shutoff

valves, and pressure regulator, of the automatic fuel flow system, are a very complex matter, susceptible

of possible malfunctioning failure during rapidly changing operation. The emergency fuel system must be

operated with some care to avoid engine damage. Gas producer governor and power turbine governor are

sensing any deviation in steady state of the corresponding compressor-turbine rotor and free turbine ro-

tor. The transient air-bleed control on the compressor rotor of the gas producer turbines is not able to

operate correctly during power turbine rotor acceleration. Unsteady airloads on the helicopter main ro-

tor might be so high to stop at all the combustion process.

INFLUENCE OF TURBULENCE ON ENGINE RESPONSE DURING MANERVERS

The rapid development of helicopters with higher disc loadings and higher forward speeds havem,-de the

gust loading problem more significant. A changed loading situation as well as accelerations and motions
of the helicopter are caused by atmospheric turbulence; the effects on structural loads are important from

the design point of view. From the other hand, the analysis of atmospheric turbulence shows that it con-
tains energy at all frequencies, from hundreds of hertz down to fractions of a hertz; the engine response

to turbulence during maneuvers might be aerodynamic excitation, with the natural frequency of the funda-

vental component of blade excitation, and critical resonances.

Turbulence is known be a problem close o tile ground, particularla in the final stage of the landing ap-

proach, and in the terrain avoidancgine damage. Odu relevant phenomenon is the cold autflow of

air from a thunderstorm forming a squall front, which can cause a very rapid change in airspeed, and hence

in rotor blade lift-force and otr engine operation.

The main response of d hepicopter structure to severe turbulence is a succession of differing magni-

tude jolts of normal acceloration, or a single jolt, The response to a give size of gust will vcry from

helicopter to helicopter, depending on rotor dirc-loading, speed and lift-curve slope. If the disturbance

is of sufficiently largec magnitude, it can result in structural damage to the helicopter.
The engine behavpour is iefluencrd by the gust sensitivity regarding moments and load factor, even if de-

signed to mitigate their effects.

At high speeds the load factors in maneuvers with sharp edged gust impact are relatively high, and

the effect on the engines becoin critical. Significant transient loading of compressor structure would

usually be associated with a gross change in the througnflow, that is either truly aperiodic (or of very

low frequency)r The problem of sudden changes in throughflow is closely related to the aerodlastic prob-
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lem of a single airfoil passing through a sharp-edge gust front in the atmosphere, such as might be pro-
duced by a remotely originated blast wave. But, the aerodynamic moment resulting from aperiodic forcing,
and the corresponding torsional blade or vane response, are not important when the disturbance is truly
aperiodic, since the vibration would soon damp out due to aerodynamic and other forms of damping.
However, if the compressor ib operating in a cyclic surging or stalling condition, the required number of

cycles for fatigue and consequent failure could be accumulated in a short period of time. Low cycle fa-
tigue might so be encountered in compressor rotor blades, nowadays subjected to exceedingly high centrif-

ugal stresses. The response of rotors and shafts, very stiff in the axial direction and at high natural
frequencies in their longitudiial modes, is neverthelees usually quite safe.

Distorted flow into a helicopter gas turbine, as consequence of turbulence in maneuvers, can trigger
engine instabilities. The axial flow compressor is particularly sensitive to flow non-uniformities. Cont-
pressor stall can lead to engine surge. This condition may be dangerous depending on the particular pro-
pulsion installation and engine, and on the vehicle maneuver, because the source of the flow irregular-
ities is the inlet.
Among the propulsion system margins are buzz or inlet unstart, compressor stall, turbine inlet temperature,
and mixture ratio limits to maintain combustor flame stability.
Vic !nt flight maneuvers can cause high levels of distortion. Propulsion stability depends on Mach num-
ber, Reynolds number, aagle of attack, angle of yaw, and powe- zetting. Figure 10 illustra'es regions of
propulsion instability in the velocity (V)- load factor (n) plane. At low velocities, very large angles

of attack are necessary to generate helicopter lift. Large angle of attack adversely influences propul-
sion stability. At higher velocities, the angle of attack is less for a particular load factor asa result
of increased dynamic pressure. Unfortunately, the increased dynamic pressure also means increased distor-

tion levels.
The direct effect of inlet distortion on aeromechanical response
is not the only one to be considered. Indirect effects of se- | I

vere inlet distortion are also producing potentially harmful 7

aerodynamic environments for blading at operating conditions. 6- InTa-r"

Examples of such indirect effects are the ones arising from the5 M // /

thick annulus boundary layez and the degradation of flow qual- L ...
ity. The first one may stall the compressor rotor blade tips -

and give rise to a rotating stall pattern of limited radial ex-

tent, giving rise to periodically reversing throughflow and I
surge (in the case of masf low reversal); the sudden forward 9

travelling of the compressor discharge pressure, cocxiatingwith
the flow reversal, implies a pressure wave, the en-called ham- K

mershock, going through the compressor into the inlet. The GL

second one may induce unusually high turbulence levels and thick [ _

wakes on the stator and rotor airfoils, producing negative in- 0 2W -0.0 W
cidence in some stages of the axial compressor. nacin.,

The periodic forcing on a rotor blade operating in a cir--
cumferential distortion is, however, the most significant aer- Fig. 10- Regions of instability.
omechanical response, because of the multi-term harmonic inflow
conditions. For certain combinations of frequency, cascade ge-
ometry and relative Mach number, very close to aerodynamic resonance, rather large magnitudes of rotor
blade lift and moment may be obtained.

The degradation of flow in an axial turbomachine may lead to the onset of self excited blade vibra-
tion (stall flutter) or self-excited fluid oscillation (stall propagation).

When wind blows over the ground, a boundary layer develops. This layer may extend 30 meters or more
above the ground. As with all boundary layers, the flow is rotational. A turbojet pumping air from the
boundary layer concentrates the vorticity. This is analogous to the vortex in a draining bath tub; the
vorticity present in the bath water is concentrated as the tub drains. The vorticity entering the com-

pressor can affect the stall margin in an adverse manner.

In the flight maneuver environment, a helicopter turbojet must contend with internal perturbations
causc" by unusual flow at the inlet. For that, the axial flow compressor may be required to operate at

flow rates and pressure ratios other than the flow rate and pressure ratio for which it is designed.
In addition, transient and unsteady effects occur at air intakes, with pressure fluctuations due to un-

steadiness of shock waves, expecially during sharp maneuvers at large variations of the angles of attack
and yaw.
Flow distortions may be even so large to stop or seriously damage the turbojet engine.

INFLUENCE OF MAIN ROTOR AEhOELASTICITY ON ENGINE RESPONSE DURING MANEUVERS

In maneuvering flight, where sharp turn and abrupt pull-ups may be required, severe blade stall can

be encountered, because of rotor rpm decay or high load factors. Recovery in these cases is much more
difficult, if the rotor is quite high loaded. Reduction of collective pitch andtor increasing rotor (and

engine) speed will help.
A chart, or better a computer, is utilized for the prediction of blade stall. The pilot is however ex-

pec:ed to know and avoid the general conditions conducive to the stall condition. The important thing to
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remember is that blade tip stall is not solely associated ,ith high helicopter velocities. It can occur,

under certain conditions, at surprisingly low forward speed.

There are numerous unsteady aerodynamic events that may occur in a single revolution of a helicopter

rotor system operating at moderate to high forward flight. The severity of the dynamic airloads associ-

ated with the unsteady aerodynamics depends upon the specific operating condition. Some of the more se-

vere operating conditions are: maximum forward speed in level flight, maneuvering flight, rapid descents,

and flared landings in ground effect.

The pratical limitations of rotor operation are analogous to turbine/inlet matching aerodynamics, where

the fundamental problem is one of dealing with extreme, time varying, three-dimensional distortions of the

rotor inflow distribution.

The transient Mach number effects on the advancing blade include transient lift, drag, and pitching mo-

ments associated with the rapid movement of the shock wave over the upper surface of the blade. The in-

teraction of the shock wave and boundary layer can also induce transient shock stall.

Helicopter maneuvering flight is severely limited by unsteady aerodynamics, because of rapid increase

in magoitude of the rotor oscillatory control loads and overall airframe vibration levels.

The important factors in the maneuvering flight unsteady airloads are wake geometry, tip-vortex flow,

blade-vortex interaction, and dynamic stall.

It is quite complex to simulate analytically flight maneuver loads on helicpter propulsion systems,

considered as a whole from the rotor to the engine. High-performance gas turbine engines are sensitive to

not only self-induced cyclically changing loads but also to extremely induced loads which result from hel-

icopter maneuvers. TheEe external loads cannot be adequately simulated for prediction of the complex force

interactions; and experimental data, obtained from flight tests, are not sufficiently definitive.

The engine is expected to operate in a very hostile environment, being exposed to extremes of trMper-

atures, pressure, vibration, and mechanical forces within the engine. In addition, the engine is exposed

to a variety of accelerations in all directions, thus imposing large inertial and gyroscopic forces on an

already complex loading environment. The engine is expected to function under all conditions with small

clearances between rapidly moving and stationary parts and to exhibit little degradation in performance

after long perioc of operation.

As it is known, a typizal flight procedure consists of a check of output torque as a function of gas gen-

erator speed against installed perforrance.

An engine stall is especially bad in a helicopter bacausp of the rapid mini ruwren1 Which occur in

thL rotor urive system. A stall is indicated by a sudden drop in compressor discharge pressure accompa-

nied by an increase in exhaust gas temperature.

Forward speed is limited by blade stall on the retreating side of the rotor and by compressibility on

the advancing side of the rotor. In order to keep roll moments balanced on a conventional single rotor,

the lift potential that can be developed on the advancing side of the rotor disc is limited by that which

can be developed on the retreating side. That can be seen on figore 11 for a conventional two-blade sin-

gle rotor. Figure 11 compares, for a hingeless helicopter rotor system, the lift distribution of a con-

ventional single rotor and coaxial counterrotating rigid rotor. The stiff blades, largely eliminate classical

retreating blade stall and permit operation at higher

thrust coefficients and advance ratios. Moreover, the

DUAL ROTOR LIFT DISTRISUTION stiff blades are able to operate more easily without

,--CONVENTIONAL SINGLE ROTOR aeroelastic instabilities as rotor speed is reduced.

Such operation is required for high-speed flight where

the advancing blade tip Mach number should not exceed

a value of approximately 0.85.

In the case of moderate helicopter advance ratio (for-

ward speed/blade tip speed) and of local incidences

lower than that of profile stall, the azimuthal evo-

lution of the blade local loads (for a rigid three

blade rotor) are presented on figure 12 for different

blade sections (at radius r in respect to the tip ra-

dius R).

operating forces and maneuver forces presents a big

obstacle to determining the distortions occurring in

the engine during helicopter flight. Because of rotor
Fig 11 - Rotor lift distribution for movement, case bending and ovalization, rotor shaft

coaxial counterrotating dual and blade bending, blade extensions, and thermal

rotor. stresses, it is diflicult to predict the relative move-

ment of engine components under all flight maneuvers.

Abnormal vibrations in an engine installation may be

caused by malfunctioning engine-mounted airframe accessories, engine mounts and other external connections,

as well as by impulsive flow phenomena caused by blade-vortex interaction on the advancing side of the ro-

tor disk. External airloads may be so highly unsteady to produce engine instabilities, going from the ac-

companying the distinctive "blade slap" acoustic signature of some helicopter rotors to those determining

engine fatigue, failures and stop.
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The need for accuracy in calculation of engine-rotor performance can be emphasized by noting that a 1%
change in tile lifting capability of a rotor, at a given rotor input, may mean a 10% change in payload for
tile helicopter. Front the other hand, accuracy in performance calculations is required because the engine
could he not able to support instabilities due to unsteady airloads on the helicopter rotor.

With the development of helicopters capable of higher flight speeds, the problem of blade stall flut-

ter has become one of major importance. Classical flutter involves coupling between two or more natural

modes of vibration. In stall flutter, the flutter frequency tends to become equal to the natural torsion-
al frequency. This implies that in this case the torsional (or pitching) motion predominates.
Large high-frequency oscillations in torsional moment (TM),lift and

aerodynamic moment coefficients, on the retreating side were de-

tected in flight-test data taken from a rotor blade during a maneu-
ver, as shown inl the plot of figure 13. This response was the re-
suit of dynamic stall induced by previously formed tip vortices blade $c@lio
which, under that particular maneuver flight conditions, pass un- leliadii

der the blade at the azimuth positions indicated in figure 13.

High vibration levels are established by aerodynamic loading, and
aeroelasticity of the rotor b:.,des, and resonance of the struc-

ture. Increased periodic forces are occurring when the rotor
thrust is increased, during transition from hovering to forward ,, 7i

flight, and at higher tip-speed ratios. The harmonics above the
fourth are generally below 20 percent of the principal harmonic
force. In turn, the magnitude of the harmonic forces other than
the nth one for n-blade rotor in generally below 50 percent of the I u
principal n-th harmonic. l.o.r 55
The analysis of blade torque moments indicates the magnitude of 81
the harmonic components to be about 4 ± 5 percent, respectively,

of the steady components of the moments.

11 ,- son on-5
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Fig. 12 - Blade local load for a
C'4il Irigid three blade ri-

-. i I toy.
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Fig. 13 - Measured time history of section loading and
moment coefficient andblade torsional response.

But, still now, rotorcraft are operated at reduced speeds, as much as 20% below the forward velocity
that they might otherwise achieve, because of vibratory environments. However, th2 understanding the

,oureLS Of 'IJILOaLV'L" in lULC itud more required for reaching torward speed as high as 370 km/h.

EFFECTS ON THE ENGINE OF HIGH SPEED FORWARD FLIGHT AND ABRUPT MANEUVERS

In order to keep the helicopter airborne, static or at a given flight speed, the main rotor must pro-

duce thrust, by giving a momentum to a mass of air. In so doiug, power must be spent to produce accelera-

tion of the air.

In this condition, the engine must supply power to overcome the main rotor induced and profile drag,

and power to turn the tail rotor and surmount friction in the transmission and drive system, and rotor

losses. Profile drag power increases only slightly as normal forward speed is increased; but. at xcty

high forward speeds, and as blade stall or stall flutter is entered, it mounts rapidly. Required parasite

power, varying as the cube of the airspeed, increases very rapidly at higher speeds and accelerations. At

zero airspeed, the induced power requirement is quite high, because dowowash velocity is n'ar maximum val-

ue.
As illustrated in figure 14, for a helicopter with adequate power in normal flight, there is amnple power

available to permit hovering and climbing and to permit overlanding of the helicopter as airspeed is buil-

up.

During high speed forward flight, the multi-blade rolex drag torque Q is variable during each revo--

lution, because of:

- cyclic pitch control (by blade feathering) of the amount of forward thrust for each blade, according the

flapping and lagging motion of articulated or hingeless rotors, w;th blade stall vibration and unsteady

aerodynamic effects at very high flight speed;
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- coupled flap-lag-torsional multi-blade aeroelastic effects, figure 15, stall flutter and air resonance;

- coupled rotor/fuselage aeroelastic feedback effect on the rotor.

Adimensional amplitude AQ/Q and angular velocity O/waverage cyclic variations of the rotor torque

may be, near the maximum acceptable flight speed, respectively, of the order ol 0.1 and 0.05, as compared

with the measured values of 5C2 /C2 av , cCT/CT aV and 6Cm/Cm av (respectively related to the lift,

thrust an,! moment coefficients), as in figures ii, 12 and 13.

During transition flight regimes and extreme

MAX flight maneuvers, as in the acceleration maneuver time

history on figure 16, the rotor Crag torque Q is var-

ying abruptly during each revolution, because of:

- sudden airloads overimposed to the cyclic pitch

- control of the rotor thrust;

- vibration and blade flexibility effects, overimposed

to stall flutter and flap-lag-torsional blade aero-
elasticity;

- effects on the engine of the strongly aeroelastic
system corresponding to the rotor-fuselage integra-

AIRSPEED 3 tion.

Fig. 14 - Excess power in respect to normal Such cyclically variable main rotor drag and in-

flight. duced torque Q is reduced in amplitude and disunifor-

mity to the shaft of the free (power) turbine. The

speed reduction ratio between engine and main rotor
is ranging, for the present helicopters, from 70 to

0 /R .0.40 I/A 0.315 80 : 1 and will be increased in the foreseable future.
- About in the same ratio, the main rotor torque and

0.'.-- -- frequency disuniformities are reduced to the gas tur-

bine engine shaft. Fortunately, the rotor unstead-

'-300 iness during a single revolution is spread in 70 * 80S300T v-0 0.7 VI -0.,0 engine shaft revolutions!

_Th, An•'en.n _ i•cto of rhe !anyruo,

"0 -{• ti-em the main and tail rotors to the gas turbine en-

-3001 gine, is necessary for a reliable continuous power

go. 27" gi" r" 20" I. availability. From the other hand, the lifed items
300- in a helicopter transmission system, for example as

......... mulmd - .09 complex as in figure 17, must be replaced, due to

0 -- - possible fatigue damage after exilry of a fixed flying
time, typically a few thousands hours.

-300 The reduction of gas turbine powcrplant weight, in
0" 575" *go comparison to previous reciprocating engines, hasmade

possible to install enough power for good performance.

Fig. 15 - Computed and measured time history Unfortunately, the same kind of revolution has not

ofbladL airloads. taken place in the power transmission, where some com-

ponents are oppratinp at very high angular vsln-rt
and acceleration. Since both gas turbine and heli-

is copter rotors operate at a tip speed based on Mach

I| -.IT SP£ECS tb-junumber, the rotational speed of the engines will in-

0 .. crease with advanced technology engines, where the

turbine inlet temperatures will increase appreciably.

The speed reduction ratio will also increase.

2 FlISfLiGEPITCKAL TUBE 01i Speed reduction has been accomplished in the past by

puttiPg a number of low-reduction-ratio units in se-

0 ries. As an example, the CH1-47 Chinook, figure 18,

has an engine turbine speed of 14 500 rpm, which is

-20. reduced to 11 500 at the engine gearbox, theu to 6 780
4.0 Iin the mixer box. The final gear-box has an overall

.3 __--_ 30.72 : 1 reduction ratio through a bevel gear and

g - TIlb[L,4,f two planetary gear stages to a rotor speed of 222 rpm.
The gas turbine engines that have been designed for

C5 ONTROL ANGLES '--• -- present helicopter use, such as the General Electric

COLLECTIVE / T-513 on the Agusta Bell 204 AS, the Lycoming T-53 and

Sthe Allison T-63, were required to have oa integral

gear-box to reduce the output speeds to approximately

0 1 Is 24 6 500 rpm, because it was believed this was as high a

speed as could be conveniently handled by helicpters.

Fig. 16 -A deceleration maneuver time Transmissions for front and back engines are

history. shown in figure 19 and 20. A free turbines is direct-



ly un'r- the transmission in the solution of figure 21.
A desi. simplicity has been followed on the transmission system of the semi-rigid rotor Lynx (figure 2),
as on figure 22. In particular, this solution allowed the use of a high reduction ratio in the final stage,
permitting a major reduction oE transmission components, especially in the high torque paths. Thus, the
component numbers (7 gears and 19 bearings) are reduced from 44 (16 gears and 28 bearings) in the Sea King
to 26 on the Lynx, with anticipated proportional benefits in reliability and rapid growth of fatigue life.

Inertia loadings of gears, shaft and bearings, of the transmission system may be serious consequences
with respect to the 'ttached gas turbine engine. A rich variety of vibration phenomena gives rise to dis-
torted throughiflow in the engine. Mechanical and aeromechanical excitations exert, in such a way, danger-
ous oscillatory root reactions on the blades, Ref. 3.

NGINE 14500 APM

0 •. , 2i2RPT 222RPM

MAIN ROTOR S TG
261 rps Ist STAGE 6781 RPM

d,45-rm 4500 RPM

6.. RG j~'0 pm~4114 rpm DAMPERS

ROTOR BRAKE

2351 rpm

6.T. ERG 1108rim

Fig. 17 - Helicopter transmission layout. Fig. 18 - CH-47 Chinook transmission system.

When the rotor torque Q is reduced about 70 f 80
times to the free (power) turbine shaft, its periodic

at limited vibrational and aeroelastic effects, is
practically absorbed through the engine gear box (be-

tween power shaft and drive shaft) and the planetary
gear unit (between drive shaft and rotor shaft),with

passive heat production.
But, when the forward speed is so high to start blade Fig. 19 - Front engine transmission.

stall vibration and large amplitude aeroelastic ef-
fects, the engine is quite largely influenced ard
cannot compensate the required power fluctuations

through the automatic fuel control action. We may
expect in this case considerable compressor-turbine

and free (power) turbine vibration and engine flow
distrorrion. In absence (if a self actin~g automati

control, to avoid high flight speeds and too abrupt
mpneuvers, or in the case of pilot error, engine fail- Fig. 20 - Back engine transmission.

ures and/or flame-outs could be involved.

With Qe and we corresponding to instantaneous
values of the power turbine shaft torque and the shaft angular velocity, the power balance at each azi-
muthal rotor position of a given flight condition may be expressed

Qe " aWe " r - Q

where n and S1 are respectively, the mechanical efficiency, due to power dissipation through the reduc-
tion gears, and the main rotor angular velocity.
The corresponding engine torque (considering the average torque Qav for such flight condition)

Q - Q • il/we • q (Q ± AQ)Q/W " (2)e a av e

is cyclically variable, depending upon the rotor torque and the changing mechanical beh~vior (expressed
by the value of T).
At constant forward flight speed, the control fuel setting is such to deliver, with a fuel flow G, (N/s),

(W), corresponding to the following mechanical balance
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G K (Q fl• 4 Q0 u )/i ' n • n (3)au av c ec t m

where Q , Pec r , and qnm , are torque and angular velocity of the comprese-r turbine, and thermal and
mechanical efficiencies.
Now, the periodically variable power turbine rotational acceleration due/dt is depending upon the inabil-
ity of the fuel control system to vary instantaneously the delivered power, and it may be expressed

± de /dt -AQ Q/eu (J + J1 + J2 + + Jr) (4)C e e

where: Je is the power turbine rotor system moment of inertia, and Jl, J 2 , J3, Jr, are the moments of in-
ertia reduced (trough the square rotation speed ratios (I/u) ) to the power turbine shaft, respectively, of
engine box gear, drive shaft, planetary unit gear, and helicopter main rotor, (In a complete drive system,
as on figure 17, it has to be taken into account the tail rotor torque disuniformity and the reduced moment
of inertia of the relative drive components).
The rotational acceleration is cyclically varinbie according the expression of AQ and Q. Practically,
such acceleration is also influencing the gas producer turbine speed, introducing flow distortions and aer-
omechanical effects on all the engine.

The main rotor incremental torque AQ , in respect to the average torque Qav, is deter-mining the
torque Q. and the rotational acceleration due/dt of power turbine shaft approximately according eqs.
(2) and (4), for each azimuthal angle of the main rotor.

Even though only experimental data and directly measured values could help to solve the problem, analytical
approximate procedures may be as it follows.

PONT FREEUHELL IS OBVIRUN By
FRIEWHELL H S 6 SPUR GEAR A
BYi7 R P M AT NORMAL CRUISE

C L MAIN ROTOR

AETUATED IF 2WIL
tL COOLERN sCs

TAIL ROTOR/sg'

GABX INTERMEDIATE FRAD 3 e[EGN
GEARBOX

Fig. 21 - Transmissiop by free turbine. Fig. 22 - Semi-rigid rotor Lynx transmission.

Rotor torque in forward flight - With the blade assumed as a rigid beam with a flapping hinge, figure 23,
the total induced air velocity W relative to a blade element distant r from the no-feathering axis (as
resultant of the induced airpeed, the forward velocity V of the helicopter, and the rotational velocity
n - r) has a chordwise LuupVuoezlL UT (comprehensive ot 21 • r)

UT - - V cosa sin' - II • r - - (2 r(x + p sinx) (5)

(with: advance ratio P - V cosa/1 - R , and x - r/R) and a componenc: UP perpendicular to the chord hav-
ing ignored the spanwise component).
In the region of the advancing blade (0 < . 180'), the relative chordwise wind due to rotational speed
is increased by a component of V ; in the region of the retreating blade (180c < p < 360*), the component
of V reduces the relative wind. The wind is blowing from the trailing edge to the leading edge in the
part of the retreating blade, where the forward speed component is greater than that due to the rotational
speed, eq. (5). This happens, Ref. I and eq. (5), in a circular "reversed flow" region whose diameter is
v R, figure 23.
The contribution from this region is usually very small; for p - 0.3, the area of the reversed-flow re-
gion is only 2.5 per cent of the total rotor area (with very small velocities). But, when 1 - 0.6 and
more (well above the top speeds of present-day helicopters), the reversed-flow region begins to assume im-
portance.

The advance ratios are, for example, in current or developmental status helicopters:

- Agusta AB 204 AS (two-blade articulated rotor; rotor diameter, 14.63 m; cruise forward speed, 222 km/h;
normal rotor rpm, 295-317; rotational blade tip speed, 226-243 m/s; cruise blade tip maximum forward
speed, 288-305 m/sec, 1 037- 1 098 km/h) p - 0.253 - 0.273;
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- UTTAS (U.S. Utility Tactical Transport Aircraft System) (four-blade articulated rotor; rotor diametet,

16.36 m; Cruise speed, 269-324 km/h; normal rotor rpm, 258; rotational blade tip speed, 221 m/s; cruise

blade tip maximum forward speed, 296-311 m/s, 1066 km/h - 1 120 jm/h) p - 0.338 - 0.407;

- AAIl (U.S. Advanced Attack Helicopter) (four-blade articulated rotor; rotor diameter, 14.63 m; cruise

speed, 269-324 km/h; normal rotor rpm, 289; rotational blade tip speed, 221 m/s; cruise blade tip maxi-

mum forward speed, 296-311 m/s, 1 066- 1 120 km/h) i, - 0.338 - 0,407;

- ABC (U.S. Advanced Blade Concept) as the XH-59 A (three blade dual coaxial, counterrotating, hingeless

rotor; rotor diameters, II m; maximum level flight speed, 297 km/h; maximum level flight speed with

auxiliary propulsion, 519 km/h; normal rotors rpm, 333 (238 with auxiliary propulsion); rotational blade

tip speed, 192 m/s (137 m/s with auxiliary propulsion); cruise blade tip maximum forward speed, 275 m/s,

990 km/h (281 m/s with auxiliary propulsion, 1 012 km/li) P - 0.43 (1.05 with auxiliary propulsion).

The torque dQ on a blade element (c- dr) is, figure 23, as function of the lift dL and the drag dD

dQ - r(dD • cosf - dL sing) (6)

It is, with W2 - U
2 

+ U
2 = U2 , coST = 1 , sinp = U /U , CI and C corresponding todragmad lift co-

efficients T p T p T L

dQ - r(C 0 - CL Up/UT) o UT (7)

where, the first term denotes the blade element torque dQd due to profile drag, and the second term cor-

responds to the blade element torque dQi due to rotor induced lift.

Eq. (7) becomes, in respect to the azimuthal angle * and the adimensional ratio x - r/R

x3 R4 p,2 p c 2x+psn)•(D C•U/Td
dQ-d-d - xQRi"0

2  
(x+Vsin*) c -C . UL U)dx (8)

The rotor thrust dS on a blade element (c * dr) is, figure 23

x
2 

R
3 1

0c 2x÷•sn)¢ pd 9

dS = (dL cosa + dD sinp) cos - dL = -(x+sinip) C U dx (9)
2 UTLT L

The Valueb of the iifr and drag coetticients in eqs. (8) and (9) may be deduced, with siiuple ideas of

induced velocity cilculated on the assumption of the rotor regarded as a lifting surface, in function of

the local angle of attack a - 8 + 9). The angles 0 and T , for each blade azimuth ýP, are depending upon

the blade pitch "collective aud cyclic" control (pitch control by feathering, figure 1, contemporarely all

the blades and individually each blade) and the amplitude of the total induced vclocity W (see the induced

velocity distribution according to Mangler's theory, Ref. 4).

For instance, figure 24 shows that the rotor blade

of a particular helicopter in forward flight, FORWARD F1t6

V - 260 km/h, at advance ratio p - 0.33 operate

at angles of attack which vary periodically each

revolution. On the advancing side, the anglen of

attack are small, while, on the retreating side

they are large and, for the greater part, Corre-
S above the static stall angle .--

of a typical blade section. As a given blade oca- -dOuta-e,
advances, the tip vortex from the preceding blade

may pass closely underneath it, as indicated in ( D

figure 25 for p - 0.2, and the point of intersee- FLOW SItOi

tion moves inward along the blade as the azimuthal

angle i, increases.

It is so possible, at the cruise forward speed - itesp.im

of a helicopter requiring a total rotor thrust S

for supporting its weight and air drag, to evalu- P "

ate appropriate values of CL, CD, Up and UT as do
necessary for applying eq. (8). -0(referre toATa blade
For each azimuthal angle l (referred to a blade Ails

of the rotor) and for all the blade elements, and

the b blades of the rotor, we may get the total

torque E dQ required to overcome the induced drag

and the profile drag. Adding to such a total 6.9-. .ANGLE OF ATTACK

torque the torque necessary to turn the tail ro-

tor, the value of (Qav ± tQ) in eq. (2) is ob- Fig. 23 - Variation of blade torque with azimuth

tained. The periodic distribution of the rotor angle in forward flight.

torque is shown on figure 26.

A.



The average torque Qd av lor b constant chord blades, due to profile drag, is

R 2s

Qa (b/2T,)f f f 4U2 .CD r dr -do -

0 0

1 
2T

""(b/4) .22 R4 J ) CD(x + 1, sino)
2  

x - dx - do (10)
S0 0

D av

assuming an average value CD av of the drag coefficient.

The average torque Qi av for b constant chord blades, due to rotor induced drag, is

- 'fR U T . ..C L t c r drdi.p

o 0

I 2n
P (11)

- - (a b p C R
2

/41T) l f (U U 0 + U2) x dx dop

f f T p p
0 0

where it has been considered CL = a(0 + P), with a constant slope lift a.

To solve eq. (11), it is necessary to introduce the rotor dirust dS on each blade element as expressed by eq.

(9), the force component dl perpendicular to the no-feathering axis, i.e.

dH - (dD cos 0- dL sing)) sin* - (dL cosp + dD sing)) - sin - cosiP (12)

and the air induced velocity profile, Ref. 5.

FORWARD FLIGHTA ~~~~lID'A mmmcur Of IB R TIR mAILING TIP
LEADING BLADE VORTEX AND fOLLOWING BLADE

>1 fOLLOWING SLADE

v-27 

kie'

14r

PATNCF I RAILIA,ý

Fig. 24 - Angle of attack distribution with Fig. 25 - Interseetion of following blade with

non uniform downwash for i-0,33. tip vortex trailing from a leading
blade for i - 0.3.

The average torque Qa v, as in eq. (2), is obtained
|.75- adding the required tail rotor torque to the values

S 1.50- carried out with eqs. (10) and (11).

Finally, for each azimuthal angle 4 , the values

1.25- of ± L and ±AQ - Q/ui as in eq. M2 and figure 26,

.0 1810* /270: 3D'- 0. and d we/dt ,as in eq. (4), are obtained, for the

engine (and the transmissions) transient response.

. V Rotor torque in "over-speed" forward flight and in

transient maneuvers - During "over-speed" forward

0.50- flight and in transient maneuvers, vortex wakes spring

from tl- individual blades and form a complicated

Fig.26 Vaiat on f bl de oad ng ith downwash pattern, as the vortex elements spiral down-

wards below the rotor plane because of high Mach num-

azimuth angle. her and changing incidences. Moreover, effects of

ii
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flexibility may determine complex blade bendings and coincidence between the frequencies of the blade mo-
tion with the frequencies of forced motion or the n iral frequencies of other parts of the helicopter.

The periodically varying aerodynamic loads along the rotr' bladeS transmit vibrations to the hub. Aero-
elastic coupling of rotor blades determines flap-lag instability, pitch-lag instability, pitch-flap flut-

ter, blade weaving, and stall flutter.

Large high-frequency oscillationr in pressure, torsional moment, lift and aerodynamic moment on the

retreating aide, are detected during a maneuver. This response is the result of dynamic stall induced,

figure 25, by the previously formed tip vorrices, which, under the maneuver flight condition, pass undpr

the blade at the azimuth positions over there indicated.

Rotor aerodynamics simulation programs are •tnder development for a broad range of high speed and
transmission flight conditions. From theLm, it will be possible to perform detailed analysis of rotor
torque variation, more critical than that on figure 26. Such aercelastic rotor analysis contains the fol-

lowing items:

- accurate representation of the rotor dynamics, including the effects of the centrifugal force field,

blade twist, mass distribution, stiffness distribution, and the coupling effects between in-plane, out-of
plane,and torsion displacement of the blaoes;

- the blade element aerodynamic ctefficients CL and CD for stalled and unstalled cooditions;

- thahelicopter's reaponse to pilot control itiputs, gust and other externally applied forces.

However, prediction of the rotor torque Q azimuthal signature for "over-speed" forward flight and

transient maneuvers is a complex task involving a high degree of idealization and many assumptions. When

the rotor oystem concerned is bingeless, or semi-rigid, the complexity of this task is amplified by a
strengtheninZ oZ the inter-relationship3 that exist between thM three fundamental loading actions of over-
all aircraft trim balance, rotor systeti oncillatory loading and vibratory forcing of the airframe.

From the other hand, the r,'zor torque, Q and Q. , azimuthal signatures, as in eqs. (1), (2) and (4),
may be directty measured in fiight. The collected data can be used to analyze the engine component behav-

iuur and the aerodynamic load distribtution in "over-speed" forward flight and transient maneuvers.

According ,.ear flights, lim~tations Lra. established for each type of h,.licupter. For instance, in
any kind of maneuver, the flight speed must never ove-coue the maxtmuia iscvautd speed in th: same condition.

Quite high inertial loe.is 6:rive, in wilitoa'y helicopters, fron maneuvers like the ones shown on fig-
ure 3, 6, 7, 8 and 9. With load [actors as high as 3.5 g, sometimes istantarreously higher, serious me-

chanical damages and failuces on engines may be involved. With negative load factors, a the or,ec- w fi-
gure 8, the distorted inlet flow may cause induLcd engine instability.

ENGINE RESPONSE TO DIFTORTED INFLOW

Flight in turbulence and abrupt maneuvers might induce dist-,rted inlet flows and engine performance

degradations. The combination of these pheanoena to high amplitude (and/or frequency) rotor torque fluc-

tuations may have serious consecuence on thte eagine operation.

The collapse of cxialsizmetry 0i the flow in the compressor, at rotational speed lower than the non-

izal speed, causes rotatix.e stall. Although thie phenomenrois confined only to a part of the compressor
at a giver moment, as in a abrupt maneuver in air turbulence, and dces not severely affect the perform-

a,ce map of the corpressor, it is more dattgerous "han other unsteady ph-nomena to the survival of the com-
pressor. In fact, toe rotating stall is comprised of a wide range of exciting frequencies which can in-

el,,de -e-f fr.qutý:c. cf e, e Lows. Ine rotating stall usually occurs clse to the compressor
surge line, where the blade boundary layers are thick. In this r-ýgion, a wall stall or surge configura-

tion usually sppoats before the rotating stall can stabilize.

blade sLalls and rotor-inauced surges avr then occurring when the distortion intensity is such that steady
or surge Fressure 'atio limits are reached.

During engine surge, dynamics loads stress fixed a:i2 moving blades and components.
Compression arid expansion wave over and under-preseure relative to pro-surge steady levels occur as a coni-

sequence of flow breakdowi within the compressor of the gas producer.

Possible indirect enlect are the beam-like vibrations of the shaft, and the flexural modes of forced vi-

brations of the diacs. Thebe disc modes, or blade and disc modes of blade disc assemblies, consist of alter-

nating patterns of axial displacements with increasing numberr of diametral modal lites and circular modal

lines for higher natur-al frequencies. Failure prediction can then be coaducted by comparing with the re-

sults of rotating disc fatigue, testing under contrclled conditions of eneigy input.

The transmission (from tie maiin rotor to the engine) damping, is an impoetani means of reducing blade am-

plitudes. The phuonrnomn implies the dissipation of energy and the reduction of wear of a critical part

in the case of structural das~pin6 or the generation and propapation of cracks .losg the Internal grain

honrideuzis of merallic alloys. The axis. machines have to be designed to withstand more severe vibration

environments by uwing ccmposite materials.

Enginc new technology is developing dynamic c:nponenta (which have greater efficiency, reliability

and case of aouinrenarce), advanced materials (metals and composites), and advanced lubrication concepts.

high dynamic rotor loads in turbulence limit t.e high sp-eed and rmaneuverability capabilities of helicop-

ters. Dynamic loads influence the reliability and maintainability characteristics of a helicopier anid,
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hence, its life-cycle cost. The goal of the technology program is to predict engine dynamic performance

capab;Jlities during high speed torward flight and transient maneuvers.
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SUMMARY

This paper presents two different facets of the propulsion system/structure interaction.

The first interaction covered in chapter 1 deals with low-frequency vibration problems associated with the
operation of the main rotor.

These problems are either mechanical-material fatigue ans stressing-or related to comfort. Chapter 1
describes the means implemented and the research done at Aerospatiale to reduce excitations and filter
their transfer from the source to the cabin.

The second interaction type presented under Chapter 2 deals with cabin noise (frequen-y between 100 Hz and
10 kHz) associated with the operation of the reduction gear box. The vibratory energy generated et the
gears propagates all the way bo the passengers via the air and the structure.

Chapter 2 describes the research, technological means and methods used at Aerospatiale to cut the inten-
sity of transmission noise sources, the energy transfer between such sources and the struature and the
energy radiation from the structure to the passengers.

CHAPTER 1 - VIBRATION PREVENTION SYETEMS ON HELICOPTERS

1. INTRODUCTION

Vibration problems occur in a very special form on helicopters ; the rotor is a powerful vibration
generator, causing problems that are specific to this type of machine, and one of the most acute is the
problem of forced vibration.

This causes:

(a) alternating stresses throughout the aircraft, leading tSc problems of fatigue.

(b) cabin vibrations, which are a major factor in an aircraft comfort rating.

The dagaram su.... riz' -- cc .c....-'--------cd C'i¾t". LA] tLV WLIU.Chulu dXlcLI.

AERODYNAMIC :lvariable speedl
variable plitcw

alternatirg stresses

bLADE RESPONSE stresses

reactions on blade r

alternating stresses and wonents Z
on rotor' head

FUSELAGE : vibration level
s tresses

Those alternating stresses are periodic, and their fundamental frequency is the rotational frequency oI
tie rotor.

Depending on the blade characteristics, these stresses axe amplified or reduced causing stresses and
Yeaction'; in the rotor, head. It is these reaction!s which cau.;c tIre stresses end moments that make the
fusulage vibrate.

Ilie resulting usesage response depends on its dyna-ic characteristics and un the filtering devices

fitted between the rotor and the fuselage.

It i: thereiore important to select the dynamic characteristics vf the blades a&d fuselage in such a
way that their response to aerodynamic stresses will be minimal.
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A6rospatiale invest much effort in the design of blades and a fuselage that are dynamically optimized.
To take the example of the 365N and 366G, three 'generations' of blades were built and tested during the
process of optimization.

It should be mentioned that the fuselage reaction on the dynamic condition of the blades, and the
effects of blade movement on the aerodynamic stresses, can make the problem of forced vibrations more
compex.

The considerations of better performance, multiple roles, improved confo't, net, echnology (new
materials, etc...) normal variation in production, and uncertainty at the design stage as to the
aerodynamic problems of forced vibrations, have led to the following requirements :

(a) either that the moment giving rise to vibration should be minimized constantly, no matter what the
flight configuration and dynamic signature of the aircraft. These methods are known as 'active control'.

(b) or that the dynamic stresses transmitted by the rotor to the fuselage should be filtered. These are
called 'filtering methods'.

This paper will describe the direction taken in the use of these techniques by Aerospatiale in
Marignane.

2. ACTIVE CONTROL

Purpose to reduce vibration stresses by multicyclic variations achieved by swashplate or blade flap
control. See fig. I.

Method

Vector of multicyclic law Vector of vibration
Fourier coefficients signals to be minimized

Role of C - harmonic analysis of signals
- monitoring vibration level
- identifying and optimizing control

- Our experimental evaluation of this type of system leaves us every cause for optimism.

3. VIBRATION FILTERING

tux.a lung time, Aerospatiale has been attempting to place filters between the rotor and the fuselage,
to prevent transmission of the stresses causing vibration and reduce the resulting vibration levels.

SUSPENSION SYSTEMS

(a) The best-known example is the 'barbecue' which is a flexible element placed between the transmission
assembly and the fuselage, to provide insmlnton.

This is illustrated in Figs. 2 and 3.

- The one-directional 'barbecue' on the SA 330 Puma.

- There have been many technological developments of this idea, leading to highly simplified and low-
cost systems.

For example : The two-directional MGB suspension on the AS 350 Ecureuil/Astar. Fig. 4.

COUNTE R-VIBRATION DEVICES

(b) The second method has been, to use energy dissipators or counter-vibration devices.
These may be placed on the rotor

as rotor head counter-vibrators.

Fig. 5 shows a bifilar pendulum fitted on an Ecureuill prototype. Fig.6 shows the production
Ecureuil/Astar counter-vibration device, with uses weights and springs.
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Or they may be placed on the fuselage

Fig. 7 shows the soft-mounted 'battery' resonator on the AS 360 Dauphin.

SUSPENSION SYSTEMS WITH ENERCY DISSIPATORS

(c) A combination of filtering through elastic components and energy dissipators lead to a very compact
built-in resonator system, as for example LE: SARIB shown on fig. 8.

4. CONCLUSION

Thanks to all the features w,e have described, the users of Aerospatiale helicopters are able to fly in
a high degree of comfort.

The methods for overcoming the problem of forced vibrations, we have beeT, discussing, are being
further investigated with a view toachiaving still better results, with a lescer penalty in terms of
weight and, hopefully, price. Further improvements become all more essential a1 the aircraft
speed performance increases.

COMMANIE- DIRECT CONTROL -

VOLE?-FOIL FLAP-

iDETECTrON ET ANALYSE DES VIBRATIONS

- VIBRATION MEASUREMENT AND VIBRATION ANALYSIS-

FIG 1

-A IvfE cut, 'Rot,- CIRTIRLO ACRIF DES VIBRATIO•S
PAR PILOTAGE MULTICYCLIQIIE DO ROTOR pALE -TDLuNO -

MNOTEI - HUB -

- SWASH PLATE - PLATEAU SE NOMMAKE - SERVO CONTROL

CALCULATEUR -COMPUTER FIG 1

.2,,~ ;~
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CHAPTER 2 - COUPLING B;ETWEEN THE HELICOPTER PROPULSION SYSTEM AND ITS STRUCTURE. PROBLEM Or NOISE IN THE
CABIN

The total noise within a helicopter cabin is the sum of the rotor, engine and power train noises
reaching the passengers via the air or the structure.

Figure 1 gives the result of a study that has led to the determination of the contribution of each
individual source toward the total noise within a helicopter cabin. It can be xboted that the noise induced
by the reduction gearbox (MGB) is predominant in the range where frequencies are the most annoying
(200 Hz to 10 KlHz) and that the type of noise heard is above all structure-horne.

AB

I. orr

20 so *O 0 0 2M 0 /3 0 Qct4ve

-4- j, 1O~r 1OOO1f% 0-100• V ; •.00o H 7 10oooo H•

Fig. 1 - tS 365 Helicopter

Composition of EPL withec- cabin, Composite Sum

at central aft location during A---- -A MGB Structureborne

f............... 0 MGB Airborne
flight at 135 ktsManrtrAboe S...-.4 Main rotor Airborne

Stripped interior XxxxKEMxxJKKX Turbine Inlet - Airborne

Turbine Exhaust - Airborne

,,Oi~levejaaajib Aerodynamic Excitaticn

S...h higy -.ois-: ensi , LL,'•uL. .. Lu f-L Ll Lle •yýýemý fror the transmission of rower
between the engines and the main and anti-torque rotors induce very substaitial high-frequency vibrations.

Contrary to the case of airplanes where it is usually located far from the passengers, e.g. below the
wings, the power train is attached directly on the cabin walls of helicopters. Thus a large part of this
vibratory energy is introduced into the helicopter cabin structure which converts it in the immediate
proximity to the passengers' heads into sound energy.

It must be noted that the levsl of noise inside the cabin of old-design helicopter-s is such that
repeated exposure to such noise without any ear-protection may lead to an irreversible loss of hearing.
Increasing the structure weight is the most obvious remedy to this noise problew.

However, as one knows, great efforts were nade to improve the payload/empty weight ratio on helicopters,
so we felt it necessary to look for technical solutions with a lesser weight penalty.

That is why we have been looking for several years at the problem of MGB-induced noise in-ide a
helicopter. To that end, we have studied the methods that lead to : (see figure 2)

- a reduction in the generation of vibration sources,

- a limited transfer of vibration energy from the vibration sources to the structure, the main
objectives being :

1. to prevent the excitation frequency from matching the natural frequency

2. to dissipate the energy before it reacnes the structure

3. to limit the vibratory-to-acoustic energy conversion process in the structure.
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meshing excitation.
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1. NOISE SOURCE - MESHING NOISE REDUCTION

Gear meshing is a noise and vibration generator due to its design and realization ; angular meshing
erro rs generate vibrations which will excite the structure (refer to figure 3).

/ 1,

Irk

~jL EFFECT OF
4e LOAD

'II

GEAR CORRECTION

-II/ %~MACHINING

ERROR

FIG.3-GEAR TOOTH DESIGN FACTORS IN THE GENERATION
OF GEAR MESHING NOISE

Until the last few years, the compromise made, at the design stage, between the various gear parameters
had as a main objective as ligth a weight -n mossible while ensuring a satisfactory service life.

For that purpose, gear toothiiig iias designed to work the closest possible to the maximum permissible
atressec and specific pressures, but also to limit axial, radial and tangential loads on bearings.

TLs choice is the contrary of t':2 continuous meshing concept, as the tooth bending increaseswith the
load ; the low driving and overlap ratios achieved with low spiral angles or modules induce sudden load

varidtions during mashing and do not ensure the compensation of machining errors which would require the
siul utheoul t meaning of soverai teeth.

In a firýst stage, we have measured the aigular meshing error O0n a pair of pinions, under no load,

using a GOULDER MIKRON checking machine (reeer to figure 4).

Thie nesults, in analog form, recorded on paper, clearly show the existence of tooth profile errors

superi.pcsed on an offset error or distortion of the basic circle. The spectral analysis of these analog
signals allows the separation of these phenomeua and the quantification of the effect of additional

parameters, such as backlash.

pi
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_ FIG.4_ ANGULAR MESHING ERROR_

MEASUREMENT PRINCIPLE ANGULAR MESHING ERROR (dB)
0. Hi NARROW BAND ANALYSIS

ERROR AT MESHING FREQUENCY

OPICAL H2

DISK 
H 4

SZ I READING -30 H.)
Z2DEVICE H6|

/ Z2 f IMPULSION/SEC.

FHASE COMPARATOR ANGULAR - 4,0 H

TIME MESHING ERROR FREQUENCY
ANGULAR MESHING ERROR (WB)

VS. INSTALLATION BACKLASH

0 41

1/10 2/10 3/10 4/10mm. BACKLASH

-10

-20 "3

ANGULAR MESHING

AMPLITUDE

Example of toothing geonmetry modification (see figure 5)

0,1 the SA 365 and SA 360 main gear box, the input spiral bevel gear toothing has been re-designed taking
the acoustic aspect into account ; the tooth bearing pattern has been optimized to ensure a better meshing
continuity.

The gain achieved over the original meshing is approximately 15 dB and 12 dB.

- FIG. 5- EFFECT OF PINION DEFINITION CHARACTERISTICS ON
GEARBOX MESHING FREQUENCY NOISE

ISA 360 MAIN SPIRAL BEVEL GEARSI ISA 365 INPUT SPIRAL BEVEL GEARSI

FIRST DESIGN MODIFIED DESIGN FIRST DESIGN MODIFIED DESIGN

SPIRAL ANGLE 22° 30 - 35*__ - 22° 30 a40

PRESSURE ANGLE 22' 30 20°.__. - 22' 30 - 20*
"MODULE-(Eq. to D.P)_ 5.434 mm - 5.555 mm - _ 5.14 mm 5.27mm

DRIVING RATIO 1.221 1.254____ - 1.275 __ _ .1.234

OVERLAP RATIO 1.184 2.165____ 1.05 2.193

OVERALL RATIO 2.502 I 1.652 2.517

FUNDAMENTAL
MESHING FREQUENCY [12dB 15dS
NOISE REDUCTION at 1850 Hz at 2700 Hz

iL
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Effect of tooth surface treatment on gear box noise

Introducing specific additives into the lubricating oil of the engine gear box allows a substantial
noise reduction of 6.5 dB in 1/3 octave meshing frequencies thanks to the improved contact quality of gear
toothing surfaces (see figure 6).

dB jjlmeshing frequency 1829hz

6.5dB
100

it t I H

80 third octave

500hz lkhz 2khz 4khz 8khz

_F II.6- Effect of tooth surface treatment on
gear box noise

2. TRANSMISSION BETWEEN SOURCE AND CABIN

2.1. Dynamic behavior of detail parts

If a meshing concept, taking the acoustic aspect into account, is a necessary condition to achieve a
low noise level, it is not sufficient. In fact, in the transfer of vibration energy to the structure, the
dynamic behavior of each of the components constituting the transfer path (pinions - shafts - bearings -
casing - main gear box attachment fittings) has to be considered.

Axisymmetric part modes (pinions, shafts)

In a first stage, an experimental and theoretical mode determination has been made for the parts
constituting the gear train.

Refer to figure 7 for the results of a mode determination made, using a laser holography method and a
finite element mathematical model, on a spiral bevel and planet gear assembly.

The mathematical model established allows the determination of the axisymmetric part modes under load
and in rotation.

The agreement between modes calculated and those measured in laboratory using laser talography is
excellent up to 7-8 KHz.



_ FIG,7- COMPONENTS DYNAMIC CHARACTERISTICS _
COMPARISON BETWEEN THEORY AND EXPERIMENTS
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5000 ] SPIRAL •/ •' /
BEVEL GEAR /' /

4000 /

3000
* ,/ /

2000 -

\\ /
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0 2 4 6 El
NUMBER OF NODE LINE DIAMETERS

The search for agreement between the main gear box natural and excitation frequencies (refer to
figure 8) shows that it is difficult to design a complete main gear box in which no component natural
frequency would be in concordance with a meshing frequency.

6~

I:.
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FIG.8 _ Comparison of component natural frequencies with gear meshing frequencies.

This difficulty of mastering the full gear train dynamic behaviour has been checked on an actual main gear
box in which the spiral bevel ring gear rigidity had been modified.

Figure 9 shows the changes in noise levels, measuied on the acceptance test bench, for one of the
spiral bevel gear meshing frequencies versus rotational speed and in two different configurations :
initial ring gear and reinforced ring gear. According to the POrational speed, the modification may he
bpr-fcia1 or not, cod for non ,7-c igibY e gains achieved at nominal r.p.m. at this focqucncy, theve wele

II
dppv•eciable losses at other, meshing frequencies.

IdB

Production gear constant torque

110-

90-

stiffened gear a ssem

95 96 97 98 99 100 102 104 percentage of theRPM

FIG.9- Influence of stiffening of spiral bevel ring gear on the gear noise(2nd meshing

harmonic)



The irntrodu,:tiun oW some dampiing throughout the gear tiadin Seenry to be a usel&! line to prV)spect
with a view to rnaducing the gear trair, dynamic responses. A mathematical mcdel established allowý the
deter'..iinaion of the furcuu response lur damped axisymmetric parts.

Figure 10 shows the treatment applied on the web of a cy]indi'ic gear, and the damped and undamped
responses of this web under harmonic meshing load.

FIG: 10 -Noise and stress damped gear

damping sheet, steel retciner - --

Excitations

AMPLITUDE: POINT A

4 undarroed r-.sponse 7956 RPM

3''

S...... ~ ~.....•domped respo~nse .....

Casing, modes

Knowing thi: rbain gear box casing dynamic 5 'r.vion is a vezy importnnt fa:,tor i in fact

- im :c th he vibration of its wall, the c 1 1 soulurce o€ ncise.

- Thie viuroýtior; ct-nigy genivrated at i;- r':cc *3,.; tr'n:'-t .d .. the casing tiOtt ugh tin: Yearings
wilL reach the -tructturc thr•uh the cd';ing itiachlmen; t--tntS (Iuiin gezr Lox su-pen ion oars and
ilexiic mt t,iting plate).
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- The casing suuplorts ithe shialts arid thu'. ensuies; pr' per pusitioniutg of resinirIg gears, hence the risk
of couplii g bietw-Crn the excitition and can3ing response.

MO..d d- 'tCrminal. ion iif IoiJra.tol'y

A:; fni' ixi:;ymninnoetric pini/.ts, moLx-l A'' teullIJit 15 its been mnie!, in laboratory,, ott a lnlain gear box

CAsing u:;iilg t•¶ e la:Ikr" r ' i ogr'ii ly u tilth, d.

Figur, I 1 .,hows two exnm)pl : ci munf c dote teu.,naior.1, a caJ ing. On 'h-e prototype casing, it has been
noted that a i.itual triequ,-ncy of 1192 ues was c2lcea, to thb spiral bevel gear mre:;hing frequency of 1850 liz.

A strtctural change (stiffenirig of ca;ir'g through a rib located at mid-height) hasý relocated the
tidturda ft'-n4uOciiy fiom 1792 H.'. to IPSO ti1 and g,,eozated a new mode at 1729 Hz. As there is a slippage of
natuo'al I requer1:y ic:cordiog to the load (fi'cm 1732 liz to 110 H.z) the tmodilied cda;ing should 110 longet
have narut'l I cquenci-,.s iu concoradcu wic ti: thu spiral bevel ring gear meshing I-requoncy. In fact, a gain
or s,•m, dB's has Leen noted durinig the benfsh testing of thi:; modified casing.

Previ:si~nai de termination o! casing mod's

Tire 1st vibration modes of a casinp. can be identified accurately through a caoculntion by finite
eloments. However, since cal:ulations are of great magnitude because of the complex shapes of the casings
it is rot possible today to access high ranking nodes threugin calculations (lack of accuracy, too lor,g
calculatJolt times).

I)aMpilg trteatlInent on the caning;

A,; in the case of d:tail parts of the tiransmission system, damping the MGB casing seems to be an
efficient ranrs for reducing vibration and n,,ise for a slight weight increase.

Two approaches are being investigated presently :

- either a damping coat is applied or the casing suri-ace.

- or the casing is made o' a high noise-absorption material.

P. prototype coating has been tested on an MGB in flight and allowed a 3 dB cabin noise reduction for
an addition of 1 kg extra -eight.

- FIG. 11

MGB HOUSING DYNAMIC CHARACTERISTICS ,
MODE SHA1PES BY HOLOGRAPHIC TECHNIQUES (SA 360)

JAI

SNATURAL FREQUENCIES.
L .PROTOTYPE GEA R B O X J _ _ _ _ _ _ _ _ _GARBO

FREQUENCY: 1792 Hla FIRST FRFQUENCY:T8SOHz SECOND FREQUENCY :1729 Hz
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2.3. Dynamic behaviour of complete main gearbox

By controlling the dynamic behaviour of the simple components making up the MGB it is possible To
avoid certain resonance problems. Yet the interaction of all these elements when the MGB is operating
under load on a helicopter is not taken into account.

Two types of experiments were run ont MGB's with a vir.w to illustrating the rotation and load effects.

Response of complete main gear box on test bench (examples SA 360 gearbox)

(a) Effect of r.p.m.:

Variations with the rotation speed : noise, vibration or stress levels associated with each meshing
stage during operation on a test rig were measured (see example on figure 12). These investigations
made it possible to locate certain dynamic anid acoustic problems during operation but it was
difficult to process the result in the case of HGB's with numerous meshing stages.

X

SLAVED FILTER
FILTERED
NOISE P N

ANALOG SIGNAL (mV) zZ

FILTERED SIGNAL
MICROPHONE

I r REUEC
1776FECYimV

TRANSDUCER FOLLWERj

c/o of NOMINAL RPM

8i5 9t4 9; 100 105 110MAIN GEAR BOXR.P.M.

THE M.G.B. TEST RIG ON SPIRAL BEVEL GEAR
I FUNDAMENTAL MESHING FREQUENCY

_FIG.12_EFFECT OF R.P.M. ON
GEAR BOX NOISE

(b) Effects of Torque:

To check the modes obtained in laboratory tests on a casing adbench accelerometric measurement
(refer to figure 13 for set-up) showed there was really a very large response of the main gearbox
casing at 1770 liz and this frequency was moving towards 1850 Hz when torque was getting nearer the
nominal load.

L-
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S7 support

S1°rc• transduc r

•/ Torque

* phase I10 rndaN
120 80

I o
45 amplitude

451.77 A

40. 1'2

I I

1.7 1.8 1.9 KHZ

-FIG. 13- EFFECT OF TORQUE ON THE DYNAMIC

BEHAVIOR OF MGB HOUSING

Other parameters like mounting clearances can introduce noise generating parasite dynamic behaviors

We are presently focussing our efforts on the calculation of the dynamic behavior of a complete
power train by taking into account all meaningful parameters.

This work turns out to be long and utterly complex and it will have to be continued for several
years.

2.4. Hain gear box suspension bar dynamic behaviour

The main purpose of the main gear box suspension bars is to ens -e the transfer of lift loads to the
structure ; the attachments on structure and main gear box upper section are made through metal hinge
fittings.

Therefore, the main gear box casing vibratory motions are transmitted to the structure without
possibility of energy dissipation.

For the SA 360 main gear box bars, the first bending modes, in "free-free" configuration, have been
determined in laboratory (excitation through 3 and K vibrating pot and accelerometric recording).
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This mode determination, in laboratory, has allowed the validation of the mathematical model used to
calculate the bending modes and the study of the effect, on the bars, of the hinges and weight (concentrated
or distributed weights).

Figure 14 shows the results of the calculations made on this main gear box bar.

We can see the correspondence betr.sen the third bending mode frequency (1850 Hz) and the spiral-bevel
gear meshing frequency, together with the large displacement to the resonant frequencies according to the
type of weights added to the bar-s.

The efficiency of these weights has been vairified in flight as, with _.3 kilogranzr.f lead distributed
on the four bars, the mean noise level dropped by 4.2 dB SIL.

dB WEIGHT INCRE.ASE

HINGE 3 x_25.07g( FROUT' &i nkff,)

CONCENTRATED 3,
2

I1 -H, (HWG S

HINGEDLEAD 120b 250 500 1kH 2kH 4kW 8kH

0- C N d /LEAD COATING K2
* dB SIL 4,f2

100& 

2

Srw . . (Hz)
125 250 500 ikH 2kH 4kH 8RH

C, ,., HINGE STIFFNESS 10 mN/rd
O 1' 2 3, 4%. 6 7•'"

HINGE STIFFNESS

RANGE SA 360 M.G.B. OUTPUT TO TAIL ROTOR

Q&THIRD BENDING MODE NATURAL IN-FLIGHT INTERNAl. NOISE RCD'JCiINS
FREQUENCIES (COMPUTED) 1A4RCUG - TREATMENT CA: M.G.B. STrFUTS

F1614. EFFECTS OF MR ' SThUTS DYNAMIC
CHARACTERISTICS ON VTIERNAL NOISE

Other alternatives maksng use of the flexibility effect o1 att-s.hment points by i,,terposing in.tal/
rubber laminated elemei,ts wer42 ulso investigated.Unfortunately this type of altcrnativt is not efficien•t
unless the stiffness values ca., be reduced to levels that, however, are not compatible with the elongatioii
levels that are pen.iisribic cn helicopter; in flight.

2.5. Dynamic behavior of the struct-ure. Conversion of vibratory energy into nois_3

The vibratory energy introdu.ced into the helicopter structure via the NGD attachment points spreads
to the entire structure and -he:eey creates a complex field of vibrations. Thu structure components (metal
sheets, frames, strit;geru ... ) coi;verc :art of that vibratory energy into acousti'. enlergy.

The characterittics of the viLrto- y fic]d and the intensity and directivity characteristics of the

acoustic field thus radiated depend on

- the excitation levels at a given frequency

- the geometric choracteoristics of the iJerent.. mLking v2 tha structure, theirs'.mbly node adid the
nature of tire nkmterials used.

L• I I II I
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We have studied the radiation of elementary structures on the basis of Aerospatiale experiments
but also on the basis of a large number. of publications dealing with this matter.

The structure of first-generation helicopter cabins was made of metal and comprised thin aluminium
alloy panels stiffened by stringers and frames.

More modern helicopter designs make a wide use of composite materials and large sizo sandwich
structures.

Both the diruipation of vibratory energy and the limitation of radiation on thin (metal or composite
materials) panels with special treatments combining visco-elastic and weight characteristics are easy to
devise. (see figure 15)

Usually visco-clastic materials subjected to shearing stresses are used for the sake of better
efficiency.

-.FIG.15 ACOUSTIC TREATMENT

a) Mass effect m mass of structure Noise reduction

30.
6 dB/Oct

M mass added 20

10 mtMM

0- -ONOfrequency
63 125 ý50

b) Damping treatment Rwponse curves
Svisco •before treatment

structure elastic

after treatmsen

I ý --- frequency

f2 fl

-FIG. 16 ACOUSTIC RADIATION DIFFERENCE BETWEEN A FIN METALLIC AND
A THICK SANDWICH STRUCTURE

dB£

15-

12,5

10.

7,5

2,5 sandwich structure
is better frequency octave

63 125 250 500 1 2 4t8 s

fin metallic structure is better
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The main problem we face is the fact that the number of products available on the market today
is very limited as they must be capable of meeting helicopter criteri.a : resistance to fire, high
damping capability in a very wide temperature and frequency range, resistance to oils and fuels, long life
etc...

Sandwich structures are more difficult to treat as their- radiating characteristics are very different
from those of thin structures. The maximum radiating factor for thin structures is achieved at rather high
frequencies (several KHz) while it is achieved at frequencies around only a few hundred Hz with sandwich
structures. (see figure 16)

The figure shows the difference in acoustic radiation between the two types (thin and sandwich) that
Shave been designed for a same helicopter. It must be noted that the sandwich structure radiates mere than
S�the thin metal structure at the most annoying frequencies (I and 2 MOl). Conversely at low frequencies,

the use of a sandwich structure is very favorable.

[I

tI
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AN AL'I ERNATIVE APPROACH TO ENGINE RATING STRUCTURES
USING MONITORING SYSTEMS

by
D. LEWIS

Project Engineer - GEM

ROLLS-ROYCE LIMITED
Leaveaden, Watford WD2 7BZ, Hertfordshire,

England

SUMMARY - Optirnising the engine size to the multi-engine helicopter's
needs is a difficult process which has traditionally been carried out through
the mechanism of the engine rating structure. However, the rating structure
has many limitations and does not allow the best potential use of the engine
to be realised in service. The introduction of the micro-processor based
Engine Monitoring System permits a re-evaluation of the rating structure
and also the presentation of limitations to the pilots. By using EMS it
shauld be possible to achieve a better relationship between the demonstrated
capability of the engine as showrn in the Qualification Programme and the
authorised release for in-service use. This may be cegarded as a first
step to be followed later by a change of the qualification test to a more
representative form with the EMS giving a more tangible link between bench
test and customer operation. This should allow better use of the engine to
be made for the short tirneihigh power requirement thereby allowing a more
efficient engine performance at cruise conditions.

One of the most vexing problems continually faced by the engineers in the helicopter industry is
how to optimise the match of the engine (and hence the power capability) to the mu I-engine helicopters
needs.

The technically eIeganL way of achieving this is to lit a larger number of smaller engines hut there
are good reasons why this way is not being followed such as increases in cost, weight and maintenance
demands, It is likely that the optimum number of engines for most helicopters will remain at two with
three being used only occasionally.

Whilst it is as well in discussing a subject such as this to avoid any direct association between
what it is right to do and the methods by which it is achieved, nevertheless it may be that the time is
right to consider an alternative approach to the traditional engine rating structure for helicopter power
plants now that we have the Engine Monitoring System as a viable weapon in our armoury.

It is proposed in this paper to examine this subject in 5 sections:-

1. The rating structure and its purpose

2. The disadvantages of the traditional rating structure

3. Consideration of the difficulties in changing the rating structure approach

4. The integrity of engine monitoring systems

5. An alternative approach

1. THE RATING STRUCTURE AND ITS PURPOSE

The objective of a rating structure is to define a set of power/time limits which enable the
helicopter to achieve its optimum role performance and, at the same time, ensure an acceptable level
of airworthiness and safety.

It has been long establibhed practice to test engines to specific ratings which are mandatory limits
on the pilot for time of operation at specific power levels. These form a practical but approximate
method of limiting the rate of cumulative damage to the engine in order to achieve acceptable lives. The
format of the testing required goes back to the piston engine era and has been modified but not fundament-
ally revised since the early days of gas turbines.

The rating structure in use by the British Ministry of Defence is shown in fig. 1 and is a typical
example with minor variations of that employed by all the leading Aviation Authorities, both military and
civil, throughout the world.
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For any engine, its ratings are validated by a series of tests carried out to strictly defined rules
laid down by the authorities. This is called the Certification, Qualification or Type Approval Prccess.

Unfortunately the conditions specified do not always equate with the needs of a helicopter and
authorised variations have to be built into the processes with the result that it becomes irrevocably linked
with the particular installation.

A. TWIN ENG INE OPERATION

Maximum Continuous - The highest rating of the engine which may
be used continuously in flight

Maximum 5 minutes - The maximum rating of the engine which
may be used for a duration limited to 5
minutes per flight

B. SINGLE ENGINE OPERATION

Maximum Contingency - The maximum rating of the engine which may
be used for a duration limited to 2i minutes
during take off and landing

Intermediate Contingency - The maximum rating of the engine which may
be used for a duration of 1 hour during
an en-route failure of the other engine.

L94S

Fig. I - Rating structure terminology. Twin engine rotor craft.

2. THE DISADVANTAGES OF THE TRADITIONAL RATING STRUCTURE

The gas turbine power/life characteristics are basically incompatible with the balance of the various
modes of power requirements of the twin engine helicopter.

Some of the particular aspects are described as follows:-

Power requirements - The power demand of a rotary wing aircraft varies typically with air-speed
as shown in fig. 2.

As well as requiring to be low cost, light weight, economical and reliable, the engine has to provide
over a range of ambient conditions, levels of:-

Power factor
i) Efficient cruise power 100
ii) High power for take off and landing 170
iii) Higher power for en-route flight after loss of one

engine zoo
iv) Higher power for transient to forward speed and climb

after loss of one engine in the hover 300
V) Higher power to maintain height in the hover after loss

of one engine 340

The dilemma that faces the designer trying to rover this widespread of power is all too obvious and
if he decides to provide enough power within tie traditional rating structure to meet (v) then the
engine suffers from being too heavy and having a too high fuel consumption to be optimum at (i).

Operational environment - The certification programme has to cover the wide operational
envelope in terms of ambient pressure, temperature, humidity, air cleanliness etc.

The resulting effects on engine speeds, temperatures, pressures, vibrations and life are exoected
to be evaluated in a programme which is already disproportionately expensive compared to that of
the helicopter.

The programme has to cover the full corners of the envelope demonstration, I. e. on the hottest day,
at the highest altitude with the most Inept pilot handling a low performance engine, made in the worst
material, to the biggest tolerances with the most inaccurate instruments; and of course, it is
assumed that all these factors can be present at the same time - a probability that would be regarded
as extremely remote in most walks of life.

r, _ |• II I I I I I I I I I I 4m
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Fig. 2 - Typical helic.apter power requirement

The power requirements for a specific operation with respect to day temperature are shown on fig. 3.

It can be seen that the power requirtr.nenn on a helicopter rises slowly with AIT whereas the power
available falls sharply over the same range.

This is another basic incompatibility which has to be catered for in the approval programme.

The dilemma that results is, if the engine Is tested at high ambient ttmper'.u:es, ii C-,es not
prnd,,e th nnow- to test the transmission. If the engine is tested to the cold day power level it is

not exposed to its maximum turbine temperatures. As usual it is a conpro.nIlse bervetn the two

with auxiliary tests being run to make up the short falls where necessary.

Additionally, there are the installationa) aspects which override some of the enginc limitations and

by impinging on the supplementary approval tests as they do, start to make the approval programme

specific to a particular type of aircraut.

Engine power available

Power

Helicopter pver requirement

Day temp.

LS5

Fig.-3 - Typical helicopter vs engine power

Emergencies - The concept of a rating is a "power" level usage associated with a time which

enables helicopter performance to be scheduled in a flight mazaual and checked by flight test.

This assumes that all operation is normal - i.e. that the helicopter does not enter the "avoid areas"
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where it will be unable to fly on one engine. Hence in the UK the use of the word "contingency"
rather than "emergency". What the contingency rating does is to reduce the avoid areas, but it
does not unfortunately, eliminate them. It now seems that helicopter designers are becoming
interested in eliminating the avoid areas altogether by calling for higher power levels to deal with
the true emergency.

If we are going to provide for the ability to cover emergencies then it has to be ascertained that the
engine is capable of doing so. It is -orthwhile quoting here from the Civil Aviation Authorities
"Bible" in these matters - the BCAR.

"Definitions of power/thrust in terms of usage and duration (and the use of these to form the basis
of certain flight manual limitations) are not intended to remove the pilots right to judge whether and
to what extent such limitations may be ignored in emergency conditions. "

It seems to us, as engine designers, that with the better tools we now have at our disposal we ought
to be able to ease the interpretation of "emergency conditions" by the pilot and allow him to devote
his energies entirely to making safe manoeuvres without the worry of what is hannpering to the engines
in the process.

Applications - One of the major problems faced by the Technical Departments of Aero Engine
Companies is how to cater for the wide variety of rating structures that current operators and
potential customers are seeking.

This range has been extended recently by the proposal to insist on full category A capability for all
medium twin engined helicopters.

The range covers such diverse items as:-

i) Anti submarine warfare operation, requring long period hover ratings for sonar dunking and

an emergency power level for fly away following single engine failure.

ii) Armed attack warfare with high speed dash capability and nap of the earth power fluctuations.

iii) Recovery and ferry of aircraft with single engine failures from difficult take-off sites such
as oil rig platforms or the surface of the sea.

iv) High altitude surveillance in mountain ranges with ability to elude sniper fire-arms by
agile manoeuvrability.

These are just some examples of the latest proposed uses of the ever expanding role of the helicopter

and they all, in their turn, produce small variations in the qualification requirements for the engine.
These can generally result in a repeat type approval test unless one is extremely lucky and has
covered the requ' ements inadvertently during earlier programmes.

Pilot observance of limitations - With the traditional rating structure the "red lines" on the cockpit
instrumentation for engine temperature and speed can usually number four.

Four red lines on a cockpit instrument may sound acceptable but it should be remembered that
engine instruments are not primary flying devices and are therefore restricted to a small size
with a Small scale for a large range. The actual observance Ot these limitations by the pilot is very

difficult and the suspicion exists that the discipline employed in the observance of engine limit-
ations may leave something to be desired.

Since the clearance of the engine limitations forms a significant base of the engine approval prog-
ramme, the disparity between the effort that is put into selecting and clearing th-se limitations and
the way this information is displayed and may be observed by the pilot is extremely frustrating to

engine designers.

General - Whilst the five specific subjects dealt with above constitute anomalies and irritants which

emanate from the rating structure, the general problem which swamps all of them is the disprop-
ortionate hot section factor damage which the current rating approval process accumulates in
relation to other factors such as low cycle fatigue counting. The seriousness of this problem
manifests itself not in some unreliability in service effect (such as would be the case if the LCF
programme had been of poor quality) but in the far more fundamental form of the engine being
basically the wrong size for its applications and it is this subject that is dealt with in more detail in
the next section.

3. CONSIDERATION OF THE DIFFICULTIES IN CHANGING THE RATING STRUCTURE APPROACH

The clearance of a rating structure is achieved by what is called the type test in Britain and the model
qualification test in the US. It is 150 hours long and has been in existence since at least the 1950's. It is
beloved of Airworthiness Authorities and bears absolutely no resemblance to actual customer use.



On the other hand, it is regarded as A very sound and dependable yaid-stick as to the measure
of an engine's suitability to enter service and any suggestion to alter it is usually met by trenchant resist-

ance.

As stated at the end of the previous section, its unrepresentativeness is mainly concerned with its

high use of hot section damage, be it of a conventional creep usage form with solid turbine blades or of a

more thermal fatigue bias for cooled blades and static nozzle vanes. For the purpose of this argument the

hot section factor damage will generally be referred to as creep.

What could be changed initially is not the type test itself but the relationship between the demon-
strated creep capability during type test and the authorised release life/power figures which come from it.

This certainly ought to be a short term target with perhaps a slow change to a more representative type
test to follow. Any change to the type test structure would probably require a doubling up of new and old

styles for a period to demonstrate consistency of standard and while this is happening, programme costs

would probably increase.

The long term returns however, should be very beneficial in relation to reduced cost of ownership

in service and a more efficient use of some of the world's dwindling oil supplies.

The most obvious change that could be made to the type test is to impose the condition of a torque
limitation for the normal temperate conditions under which the helicopter will operate, As was said earlier

there is no recognition of this in the regulations and if it were employed it would allow a greater proportion

of the creep usage in the test to be devoted to the tropical operation and thereby allow a higher engine temp-

erature to be cleared for that part of the helicopters use. Fig. 4 illustrates this point simply.

t t
Engine Engine
Power Temp.

X0 A.I.T.

Creep usage here

Creep usage here

X0 A.I.T.

Fig. 4 - Type test with superimposed torque limits

The problem here is the accurate recording and re-allocation of the creep capability and hence we

come to the Engine Monitoring System. If the proposed system with its programme algorithrm? for hot end

usage (as well as other functions) is run on all the endurance testing during the development programme,

then a sound basis of demonstrated creep capability is established which allows a degree of flexibility to

be used in the type of release which the qualified engine can be given for potential customer u•,e. In other
words by compiling a data bank of the hot section damage capability for the engine, a new application with
its power requirements can be evaluated against it to see that the new rate of damage and top power

requirements are not incompatible with what has already been demonstrated.

It is interesting to consider what happens today when a rating is exceeded, say on an en-route

failure either in duration or temperature. The pilot reports it (let's be kind'.) and the operator's

engineers consult the maintenance manual. Invariably there are no clear instructions on what to do, so they

ask the manufacturers. The manufacturer's Service Department ask the Stress Engineers who generally

say it's acceptable. (There are, after all, no definite rules to say how many times an OEI rating may be

used in an aircraft life). The engine stays in service and the aircraft flies on.

If it happens another eight times, say, the answer may be different but this stems from two

V
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reasons - one, the Incidents have been recorded and two, the Stream Engineers have knowledge on the
strength of materials.

Recording and storing knowledge are things that computers can do so why can't this process be
dehumanised and put on to a computer?

The above function should be taken in context with the other necessary tasks undertaken in an EMS.

These are limit exceedence, rotative LCF counting and thermal fatigue monitoring. All are a measure of

the usage of the engine and become more cost effective if integrated in one unit, Additionally the pure
health monitoring aspects of performance trending, vibration data analysis and lubrication system status

can be addea to provide a comprehensive monitoring system.

LCF counting is not covered extensively in this paper as it is already a practiced art-form in the
industry. The full EMS does allow however, a higher degree of sophistication to be adopted on this
subject and an illustration of the possible benefits is shown on fig. 5. The three lines show the progression

in authorised, hourly life possible from a demonstrated cyclc fatigue programme:-

I) The lowest line represents the traditional approach with little or no knowledge of the type of

operation the customer is using. e.g. Mission spectrum and/or typical ambient conditions.

ii) The middle line represents the modern military approach where a mission profile with severity
factors applied is defined at the onset of a qualification programme to form the basis of the
component lifing philosophy.

iii) The upper line represents the release life possible from actual recording of service type

operation at temperate sea level conditions,

It can be seen there is a three-fold advantage gained in the actual release life possible (the figures
incidentally are real from a current Rolls-Royce programme).

From the fatigue point of view then, the rating structure and the type test are almost irrelevant

and the cyclic qualification programme stands on its own. It is fundamentally hot section usage, limit

exceedance and pilot observance that this argument is about.

4. THE INTEGRITY OF ENGINE MONITORING SYSTEMS

For engine monitoring systems to become group I equipment,(in other words, the release life and

hence the airworthiness of the engine is dependent upon the results which the EMS provides.) the integrity
of these systems will have become very high and this will take sometime to achieve. Initially it seems
reasonable that they should be fitted to aircraft in group 2 equipment role, the engine released to trad-
itional methods and the EMS monitored to ensure that it is producing valid data bearing at least some
resemblance to the estimated life usage produced by manual methods.

We should certainly quote our own experience to date. Rolls-Royce has a helicopter operation in

its flight test facility and an EMS has been under evaluation on this helicopter for a period of 5 years. This

system was MOD furnished equipment to Rolls-Royce and was one of a number of projects suppcrted by
MOD during this period, The others were all direct service trials and the benefits accr.-aed arc aAilc
1,r examination. The system is a fairly simple first generation device comprising multiplexing Data
Acquisition Units and Cassette Recorders. All computation is carried out off-line at ground replay
stations. With this equipment we have shown that good valid data can be acquired in the harsh environ-
ment of a helicopter. We have also shown that such equipment needs intensive development if it is to

become totally reliable.

Computer programmes for LCF, creep, performance trending and vibration monitoring have been
developed and proven and some details of the configuration and the results are shown in the following

figures: -

Fig. 6 shows the equipment configuration in the helicopter.

Fig. 7 shows the flow chart for LCF usage calculation.

Fig. 8 shows the flow chart for creep usage calculation.

I'ig. 9 shows the recording of temperature versus time over a 400 hour flight programme.

Fig. 10 shows the recording of torque versus time over this 400 hour flight programme.

Fig. I1 shows the idstribution of creep usage over different types of flying carried out during the

400 hour flight programme.
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Flight No.of Flight % Creep
Description Flights Hours Used

Mission 40 72.4 0.239
Development 29 40.6 0.246
Crew training 2 3.1 0.004
Ground run 18 8.7 0.003
Air test 2 1.2 0.020
Tracking 5 4.1 -
Miscellaneous 49 80.2 0.725

Total 144 210.2 1.237
Fig. 11 - Typica'. blade creep usage (200 hre)

Some of the surprising aspects were:-

i) The smoothness of the time temperature curve.

ii) The discontinuity in the time torque curve.

iii) The wide variation in creep usage for different types of flying, e.g. if only the prescribed
mission was flown then 50% creel) usage would allow 15000 hours flying of this type. However, the
rate is three times this for "misce~laneouo", but as the programme was flown by test pilots, we
believe we can still dfford to be relaxed on the subject.

Based on the experience described above, together with Rolls-Ro~rce's experience on electronic
contral eyyve.zu over 20 years and the tact that the industry ia apparently poised to Ohange over
to digital electronlc control systeme en-masse, there is now a general feeling that the integrity
question concerning monitoring systems can be faced with confidence and that only extensive field
experience can progr'ess the state-of-the-art from this point onwards.

5. AN ALTERNATIVE iJPPROACH

The basis for an alte.rnative approach is a long held belief that much greater utilisation of engine
components could be achievei if a more accurate count of hot end damage occurring in actual enginc usage
is made.

Another factor formii:g the basis of this proposal is that when the pilot is in a critical situation, the
last thing he wants to be bottered with is engine limitations. He is there first and foremost to fly the
machine and his even should be "out" av mnuch -- a not "h1 ,",*

The approach is therefore two-fold; maximising economics and minimising workload.

The proposal is Let at a bold step representing an ultimate position with the express purpose of
chaltenge, stimulation and di..cussion rather than dwelling on a tortuous path of how actually to get there.

Qualification - The programme should be aimed at establishing a temperature/time cumulative
damage bank for the engine components compiled from actual engine running. There must be
dedicated creep and/or thermal fatigue evaluation testing using components of known strength from
known batch manufacture. This testing will bc exhaustive and rust result in failures to be
effective. (Some engines actually experience compGnent creep failure during normal running but
Rolls-Royce engines -ire rot normally in this favourable posItion' ) The new temperature measure-
ment techniques such as radiation pyrometry will be employee. Two milestones will be achieved
by this testing. Firstly, the critical part of the creep curve will be established for the real
environment of the engine and secondly it will be demonstrated zonsistently that the failures are
"soft". The by-product will be that the early waning failure detection systems will be test-d and
developed for real. The creep usage meter will be monitoring all the testing and a good
relationship will be established.

This testing will be supported by the currently employed thermal shock and simulated :-nitsion tests
to establish the degree ol inter-action of creep and fatigue. We must demonstrate clearly to the

authorities that we have a sound knowledge of tne creep capability of the engine - this is the only way
to be able to reduce tle severity of th- safety factors currently employed and start to achieve the

L
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objectives.

The qualification test Itself will be changed to a mission based schedule and will take into account
a likely aircraft torque limit over the lower ambient temperatures. The test will be of longer
duration than the current one, probably 3 or 400 hours and wiil be aimed at using at least 4 of the
potential life of the hot components. The engine temperatures will be chosen to achieve this
figure over a spectrum orair inlet temperatures. This spectrum should cover ISA to ISA+25 0 C
SL in four equal steps, the engine temperature being at maximum for the top two AIT's and
reduced according to the engine torque limit for the others.

The composition of the mission will be based primarily on twin engine power levels but at inter-
vals to be agreed, simulated single engine power levels will be incorporated varying according to
engine failure, occurring at different points in the mission. The frequency of the single engine
cycles should be commensurate with typical figures for engines in their Infancy in service.

The test would continue with normal problems and failures being repaired as in service but with
major failures of Design or Quality rendering the test void.

Allowance for performance deterioration would be built in by raising the temperatures in the
torque limited stages accordingly.

At the end of the qualification test and the supplementary endurance testing, the creep accumulation
will be evaluated and a case presented to the authorities for an agreed initial creep release to
service. If things have gone well, then approximately 2/3 hot section life could be claimed. It
might be argued, however, that if too high a factor is achieved then the estimates were too low in
the first place, but that is just one of the frustrating vagaries of this business'

For further supporting evidence it is believed that the qualification test engine should be run on

to failure, in an accelerated form if necessary to min-imise the cost.

The last point about qualification is the establishment of the absolute maximum temperatures and
speeds at which the engine can safely operate, These should then be protected by the automatic
limiters of the engine control system and the resulting power should be available to the pilot in an
emergency. As long as the damage is being recorded, the appropriate maintenance act,on can be
taken after emergency power levels have been used.

Certification - The engine will be certificated with a carpet of characteristics (obviously on a
card deck) showing the relationship of power versus percentage creep life usage per hour for all
ambient conditions. It is believed that this is really all the aircraft designer needs to know to
select an engine in order to compose his flight manual around it,

Operation - The pilot will be relieved of any need to observe the engine temperature and speed
instruments. He will need to be warned of the fact that he is employing a high rate of hot end
usage and this warning needs to be progressive. The computer can be programmed to do this but
how it is presented is not for us to say. Pilots tend to have strong views on this matter'

The onus of monitoring the usage should be on maintenance personnel. The amount could be
displayed in the cockpit to be read at appropriate intervals or more likely in Civil operation, to be

fed1 uL uzx iv a ground printer,

If the computer fails in flight, advisory procedures for safe operation need to be spelled out in
the flight manual but it should not be regarded in any qense as a serious problem and there should
be no need to abort the mission unless it is of a highly Lritical nature.

A full "on condition" maintenance approach is compatible with this system and that concept is now
gaining wide acceptance in the industry.

The engine is withdrawn for appropriate action when the authorised hot section factor is achieved.

Hardware - For military machines some aircraft contractors envisage a full integration of the
EMS with the main aircraft computer system as shown in fig. 12. A visual display unit with
interrogation capability is available to the pilot in flight and to Maintenance during servicing
periods.

For Civil machines the system should be a stand alone unit primarily to provide option for fitment
to the customer.
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CONCLUSION

This paper is aimed at basically trying to achieve a better use and hence return for money of todays
costly engines.

It is believed that it is the certification test that sets the size of an engine for a helicopter
application under the current rules -tnd that the disparity between this and the need to have efficient fuel

termed "airworin es .- .... Lc •vu,,Lauly 4uestioned, aiways within the broad envelope of safety that is
termed "airworthiness".

There should not be a tacit acceptance that the present rating structure and pholosophy is
sacrosanct for ever-more. It is one of the engineers basic functions to always question the status quo
to see if it can be improved and this paper is offered against a pursuance of that function.

A. CNINfl OVY .L.JD.LGlEJLIM EN T

The author is grateful to The Society of Automotive Engineers Inc. Pennsylvania, USA, for

permission to reproduce the content of Technical Paper No. 801225 for the purpose of this Specialists'
Panel.
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DISCUSSION

Unknown Questiuner
Do you believe emergency ratings are appbopriate for civil applications and can suet: ratings be believed from an
al.proval tad.lpint without demonstration?

Author's Reply
I am ba-ically against the rating principle but .m proposing that, as an alternate, a moiitoring system to used to gauge
remaining !ife of the engine.

Unknown Questioner
Could you comment on the relative impor-tance of performance. reni•foling as compared to creep monitoring,
particularly for off-sihore applicatiois?

Author's Reply
Bot, are required in o!der tc determine the remaining life of the engine. The real difficulty is to convince the
certifiers that such trend monitoring is a valid indicator that the engir, will produce the demanded emergency
power. If such power must be ui!,monstrated, the whote concept is self-defeainug.

U|
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ABSTRACT

A review of the factors affecting the helicopter market for the past, present, and future is presented.
The trade-offs involving acquisition cost, mission reliability, and life-cycle cost are reviewed,
including civil and military aspects.

The potential for advanced vehicle configurations with substantial improvements in energy efficiency,
operating economics, and characteristics to satisfy the demands of the future market are identified.
Mdvanced propulsion systems required to support these vehicle configurations are, in turn, discussed,
as well as the component technology for the engine systems. Considerations for selection of components
in areas of economics and efficiency are presented.

Introduction
'I

There are many factors related to propulsion systems that strongly influence performance of helicopters.
Reviewing each of them and their impact on the past, present, and future helicopter market is not
practical in the context of this paper. Most significant, however, are the trade-offa among acquisition
cost, mission reliability, and life-cycle costs. Beyond these factors, detailed assessments of potential
advances become extremely complicated by end usage (military versus civil) requirements and by the
escalating cost of fuel. Of course, each of these concerns finds root in the component technology
needed for improved operating economics, and some of the critical issues are discussed here.

Outlook/Background

The growth in all sectors of aviation has been dramatic over the last 50 years. However, it is clear
that rotary-wing aircraft have lagged this growth by as much as two decades. One reason is the increased
difficulty in achieving controlled flight compared with fixed-wing aircraft, and another is the dependence
on the development of different technologies, specially needed for helicopter components. Despite the
lag, benefits derived from these special purpose machines have been growing at a significant rate
since 1Q60. Figure ! indicates thc rate at which the activities have enlarged in North America. Also
showu is a somewhat conservative growth projection for the next 10 years, and there is an equally
active future projected for the helicopter industry world-wide. In the United States alone, the produc-
tion rate for civil uses has grown from 300 units in 1965 to 800 in 1975. The 1981 figure is expected
to exceed 1000 units. In most cases, the technology has been paced by military interests, particularly
the United States Army. Now, the civil needs ere emerging, and this segment will add strength by
sharing in common solutions to most of the operational problems. As shown in Figure 2, the primary
applications will be in forestry, public service, agriculture, resources exploration, and construction,
in addition to short-haul, general transportation. Thus, there is a base to enlarge the research activity
for both military and civil needs, and the generic aspects cover a wide spectrum of components from
which substantial gains can be made. NASA's rotorcraft program evolved from autogyro zesearch during
the 1930's (at that time it was known as the National Advisory Committee for Aeronautics, NACA). From
this pioneering effort, a close association later was developed with military rotorcraft R&D organizations.

One of these strong ties was with the US. Army, resulting in a number of formal and informal cooperative
efforts. The latest such agreement became effective in 1970. With it, NASA and the Army share resources
to pursue research in areas of rommon interest, including all i.eliiupter disciplines related to aero-
mechanics, structures, and propulsion. As a result, Army research groups, colocated with NASA, conduct
inhouse and contracted efforts on all components of engines and drive trains, including materials. It is
this association that is bringing into focus the commonality aspects of the civil and military interests
as applied to fundamental problems and basic technology. To complement this joint effort, NASA formed a
government-wide task force in 1978 to assist in formulating a long-range advanced rotorcraft technology
program.

Systems Requirements

Civil operators continually emphasize a true, one-engine-inoperative (OEI) capability. They arc unanimous
in their endorsement of twin-engine helicopters, but they are unhappy with single-engine performance in
the OEI mode. ldeally, these operators want a ronemergency situation in the event of an engine failure.
As shown in Figure 3, their goal is to achieve a zero-rejected takeoff distance to enable operations in
tightly confined areas, consistent with the attributes of helicopter systems.

Regardless of the user, safety and reliability continue to be the central issues. Although safety of
twin-engine helicopters is regarded as an inherent advantage, unscheduled engine removals continue to
frustrate all users. Dissatisfaction With support requirements and the attendant high costs are common.

The component research programs must include emphasis on significant increases in the time between
overhauls (TBO).

Maintenance costs associated with propulsion and drive-train systems are shown in Figure 4. A major
reduction in maintenance costs is essential to the enhancement of helicopter operations. Beyond this
need, recent advances in diagnostics and associated avionics are already finding their way to the market.
With continuing progress in microprocessor technology, early identification of engine and drive-system
problems, before they become serious, may provide the techniques for maximizing use of on-condition
maintenance procedures. Figure 5 illustrates the need for significant improvements.
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Electronic digital controls can provide large improvements over .,nventional hydromechanical systems in
terms of simplicity, cost, reliability, and ease of operation. An example is shown in Figure 6. Time
response characteristicr of the total propulsion system (i.e., engines, control, and power transfer
mechanisms) muat be evaluated in a totally integrated mode. These evaluations must be conducted in
a9atems which simulate, as closely as possible, the environment that will be encountered in service.

Powerplants and Comp1 oeit Thrusts

Since the advent )f turbine engines for helicopters, a dramatic increase in load-cartrying ccpability has
evolved. blmst all of these turboshaft engines were developed for military helicopters, and each is
baaed on technology derived from military-sponsored development. Even so, it is expected that the next
two decades will find a growth in the Livil markets to the e.ctent that the number of engines produced
will be about twice the military needs. This growth, combined with the comparatively high usage rate
(2000 fiight louts per year) for civil units, will substantially enhance operational evaluations of
engint.-related technologies. The civil demands for reliability, maintenance, .and overall cost will
h.,. stronger than at any time in the past. The experience with large field samples will be invaluable.

Performance improve-ments haoe become essential, particularly for those future helicopters that will be
dejiineu for increased range and speed. Toward -hat end, perhaps more complex engine arrangemeats,
utiing highly loaded components, recuperators, and variable geometry will be required. if so, we must be
in position to compensate for the likelihood of higher initial costs with superior, fuel-efficient engine
systems. Obviously the engine cycle must be improved in the partial-power regimes, shown ini Figure 7,
and emphatis must be placed on methodology to provide aerodynamic components that will produce a specific
fuel c.onsumption characteristic more nearly flat than in today's conventional cycles.

In an overall sense, the objectives of the NASA-Army propulsion efforts are to (1) improve engine and
power transfer component reliability and maintainability, (2) reduce engine fuel consumption over the
fu)l range of operation, (3) improve environmental acceptability, and (4) reduce the cost of acquisition
and operation The highest priority program element is component design methodology, as applied to each
of these areas. More specifically, achievement of the objectives will concentrate on the six key tech-
nology task categories shown in Figure 8. Each of these program elements has been reviewed by a broad
rpectrum of civil and military users and, despite the diversity of missiuns, there remains a remarkable
unanimity c-n the areas in need of most immediate attention. Concerns relating to powerplants appeared to
lead see list of priorities.

Although the current program covers all components of interest, this discussion will concentrate on
those considered to have significant impact on the above thrusts.

Com2pressor

In a gas turbine enigire, the cucpcessor design and technology are very important choices because E the
effect on the overall engine performance and arrangement. Compressor pressure ratio ana compre'sor
efficiency have a direct bearing on fuel consumption. At the same time, the compressor can have an
influence on the number of turbine stages as well as the number of spools.

Because of the important role of the comprersor in the overall engine, a joint Army/NASA program was
undertalcen with General Electric, Detroit Diesel Allison, and AiResearch for design studies of small,
axial, centrifugal compressors to provide a basis for focusing future research on smal. compressors.
These studies started with a forecast of the projected 1990 state of tecirnology in compressors and
engine systems. The projectioas forecast improvements in technology derived from existing work, from
advances in materials processing an] manufacturing methods, as well as improvements from advances in
design techniques and computer aids. Based on these 1990 projections, parametric studies were r:onductcd
on compressor configurations for 2-, 5-, and 10-lb/sec flow sizes. Foer staging arrangements (single
staged centrifugal, staged centrifugal, staged axials, a.0 staged axial-centrifugal) were investigated.
Compressor pressure ratios from 10:1 to 40!1 were studied. The optimum compressor arrangemerts for 2,
5, and 10 lb/sec were identified in terms of efficiency, reliability, durability, malntainability, nnd
cost (Fig. 9). in the 2 and 5 lb/sec flow sizes both axial centrifugal and staged centrifugals config-
urations have the be.st potential for advciced rotorczaft propulsion systems In the 10 lbisec flow
size, the axial centrifugal compressor configuratio'i appeared to provide the greatest potential effi-
cienc) at the high cycle pressure ratio.

Imprved theoretical aerodynamic analyses, verified by detailed quantitive data, will help irssrovc thie
understanding of the complex flow field f'r the advanced axial and centrifugal stages. Techniques for
the calculation of the internal flow field in centrifugal compressor using three-dimensional viscous
comprr.ational methods are being developed (Fig. 10). To date, we do not have analyses which can represent
the actual flow cop'itions with reasonable computing times.

Recent advances in the application of laser anemometers, or laser doppler 'elocimeters, permit measurement
of flow velocities and mapping of the flow field. In Figure Ii the covers have been removed from the
compressor to show the laser beams crossing. Windows in the housung permit the beams to be directed
into the rotating passages or into the difluser area. Problems with seeding arc delaying testing at
higher speeds in small centrifugals, but. we are hopeful of having a nonintrurive smeans of obtaining flow
information in small passages where probes previously disturbed the flw. The laser anemometer will be
an extremnely valuable tool for developing an undernitanding of the complex flow areas sich as the discharge
reg.ron at the tip of the impeller. This area is most critical because it is here that the diffuser
converts the higir velocity into pressure.

Other improvements will involve variable flow capacity, where variable geometry is used in the com-
pressor and turbine areas. An essential feature is the capability of a variable diffuser foi the cen-
trifugal compressor. This will permit the flow to be reduced virilcr maintaining or increasing the pressure
ratio aird opcrating at a constant corrected speed. Consideration must bc given to the mechanical design
features requircd to implement this system in light of th1 gains to be etliicved.
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Beyond this, there will be improvements in small compressor performance with clearance control, reduced
endwall and profile losses, and low aspect ratio blading, which is less sensitive to wear.

Combustor

As compressor pressure ratios are increased, future combustion systems for small turboshaft engines will
be required to operate at higher pressure levels and increased inlet and exit temperatures, which will
increase the need for better cooling or liner materials. Programs are ongoing at the Lewis Research
Center on both approaches. One example is a plasma-sprayed ceramic on a porous metal substrate as shown
in Figure 12. This approach will permit a significantly higher liner hot-side temperature and permit
cooling the substrate with much less cooling air.

Both combustor and turbine life are adversely affected by nonuniform combustor exit temperatut.. At the
same time, the need for improved fuel economy makes desirable the reduction in prezsure drop across the
combustor. These two goals are in conflict because temperature pattern is easier to control with larger
pressure drop. Improved modeling and analytical techniques promise to reduce the cost of developing
coMbustors, and there has been significant progress made in this area for small, reverse-flow combustors.
However, such studies have indicated the need for additional research in fuel-injection methods and in
piximsry zone analysis and experiment. One such investigation is illustrated in Figure 13.

With these two areas of research, it is expected that designers of future engines will have better
materials, better cooling schemes, and improved techniques for selection of parameters to make trade-
off decisions affecting combustor life and fuel efficiency. In addition, they can expect the relative
development cost of combustor components to be reduced because of improved analytical tools that have
been verified by experiment.

Turbine

Current research for the small turbines used in helicopter engines is directed at improved efficiency
and higher temperature capability. The primary thrusts are for fuel efficiency and longer life for
maintainability and life-cycle cost purposes. Materials research is primarily directed at this latter
requirement with emphasis on coatings--metallic coatings for oxidation and corrosion protection and
ceramic coatings for thermal protection and reduced cooling requirements.

One means of improving turbine efficiency in the small engines is to utilize a radial flow instead of
an axial flow turbine. It is recognized as heavier and more b-lky than its axial counterpart, but, as
shown in Figure 14, it has potential for better performance at high pressure ratios. The radial turbine
also is best suited to a variable capacity engine, which may offer an advantage in fuel consumption over
a fixed-geometry configuration. To maintain design point pressure and speed, the nozzle area needs to
be varied in some manner such as illustrated in Figure 15. Current analytical and experimental research
is directed at understanding and quantifying losses due to the vuriahle geometry to pcrmit a reamiiýtiL
assessment of the fuel saving potential of such a concept. Figure 16 shows experimentally derived
efficiency of a variable-area configuration over a wide range of flow at a pressure ratio of about 2:1.
While these data do not include stator leakage effects and losses that might occur with high exit swirl,
consideration must be given to these factors as analysis and experiment are continued. However, the
reasonably constant efficiency is encouraging and shows that this concept has potential for a practical
variable capacity cycle. At the very least, research along these lines will permit designers of future
helicopter engines to incorporate high-work radial turbines in their engines with higher efficiencies
than now possible.

As the technology advances for employing nonintrusive flow measurements, such as laser anemometry,
measurements will be made to further the understanding of the flow in radial turbines. Three-dimensional
analytical techniques, when verified, will provide the basis for further advances in both the efficiency
and cooling of radial turbines.

Mechanical Components

Our present concern for fuel conservation and the need for better performance retention necessitate
improved seals. Many engines use labyrinth seals for inner air seals. Generally, these seals employ
one or more stages of knife edges and, in the higher performance engines, have shown a high leakage
rate. To overcome this problem, face-contact seals sometimes have been used; however, they are
pressure and speed limited and have excessive wear. Recognizing this shortcoming, a high-speed spiral-
groove seal has been developed through joint Army/NASA efforts. It offers a solution and can be
regarded as a step in technology for replacing both the labyrinth and face contact reals. As shown in
Figure 17, this type of seal has shallow recesses in the running surface which cause a buildup of high
pressures and prevent actual contact of the carbon face, except during start up. This seal has potential
fo: application in both current and future engines.

Ot all the seals in an engine, the gas-path seals have the greatest impact on performance. Tests have
shown that an increase of I percent in blade-tip-clearsnce-to blade-span-ratio reduces the turbine
efficiency by as much as 3 percent, depending on the type of the turbine design. The effect is shown in
Figure 18. Generally, the gas-path-sealing clearances change with each engine condition such as idle,
takeoif, and cruise. A joint Army/NASA program to develop a solution has been in progress for several
years, exploring various ceramic high-pressure-turbine seal systems. One concept, which is currently
under investigation, shows potential. It employs a low-modulus cushion or strain-isolator pad between
the ceramic layer and metal substrate, depicted in Figure 19. The strain isolator pad allows the
ceramic layer to respond to its own temperature gradient, independent of the thermal strains and displace-
ments of the metal substrate. In conjunction with this system, clearance-control concepts involving
selection of materials as well as rotor and outer structure configuration to maintain a fixed clearance,
are under investigation. Variables also include thermal expansion rates, and the potential for using
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engine air t, heat and cool the mating rotor and stator. Also, blade tip treatment concepts are under
investigation to prevent damage to the blade tipa at contact with the case. These seals will become
more practical as materials, design concepts and manufacturing methods are developed further.

In the area of shaft dynamics, there have been several Army, NASA, and industry programs to develop
improved balancing techniques for rotors. In addition, a new computer code, which is capable of pre-
u.rting nonlinear rotor dynamics, has been developed. This code allows investigation of transient rotor
mution during adverse operating conditions, such as a blade loss with a rub. Previously, shaft behavior
could not be predicted with available rotor dynamics codes. Damper concepts also are being analyzed,
primarily to explore rotor systems that will be more tolerant to a large imbalance, as in cases
equivalent to the loss of a blade or foreign object damage.

Research on bearings will continue to focus on optimizing design through improvements in materials and
lubrication for higher-load capacity and longer life. Computer programs incorporating the latest design
techniques are in various stages of development and verification. Speeds over 50,000 rpm are common,
and a moderate increase is forecast for the future. Along with this emphasis, there will be an
increased attention placed on noncatastrophic failure of bearings operating at higher speeds.

Conclusion

In pursuing these areas of research, we have highlighted but a few of the many component details that
need special treatment. All of the components technologies, whether in engines or drive trains, are
supported by an aggressive program covering all facets ranging from aerothermodynamics to materials and
structures. It is hoped that the growth forecasted for the helicopter will provide added incentive to
concentrate the needed resources in the critical areas identified here. In cooperation with the industry,
NASA and the Army will continue to explore the components and develop the technology to meet the growing
needs, particularly as related to reliability and life-cycle cost.
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FUTURE REQUIREMENTS FOR HELICOPTER PROPULSION SYSTEMS
by

H.-G. Bree and G. Backmann
Ministry of Defence, Bonn, Germany

SUMMARY

Requirements for propulsion systems have to be derived from the military missions. In
this context the question of single or twin engine systems will be discussed.
The trend to more sophisticated engines is reviewed in the light of diminishing
resources of materials and fuel.
Expected future economic conditions make it mandatory to counteract the increase of
life cycle cost experienced in most of today's military systems. Means to reduce LCC
are discussed.

INTRODUCTION

This paper intends to indicate which direction the development of futur-e helicopter
engines should take in the eyes of those responsible for gas turbine engines in the
ministry of defence.

Future helicopters to be in service with the German Forces will have basic requirements
for the propulsion system in common, because all of them, even the transport helicop-
ters will operate for a certain portion of their flying time at the edge of the
combat zone. For the following considerations the Anti-Tank-Helicopter is taken as a
buse line since it is placing the more challenging requirements on the propulsion
system.

MISSION REQUIREMENTS

Envisaged area of operation and hence required flight profiles dictate the mission
requirements for the helicopter engine. Due to their relatively low speeds and enemy
use of advanced reconnaissance and detecting devices on the battlefield, helicopters
will have to exploit any shred of cover the terrain offers. When flying a mission
their height above ground will be det,,r-ninea by the type of cover available. A study
of the major types of cover to be cnicc:2tered in Germany yielded the distribution
shown in figure 1. Thu various types c,' t.o'Ter are between 10 and 40 m in height.

Taking into consideration that cover w.ll be temporarily abandoned during a mission
for search, aiming, and firing purposes tue helicopter will operate at heights between
1 m and 50 m above ground. Its flight path will follow the terrain contours, remaining
- wherever possible - 10 m below the avai'ebje cover, since enemy radars can also see
through thin tree tops.

A study on the antitank helicopter arrived at a total flying time of two hours and
thirty minutes for the required mission; about one-third of this time would be flown
under cruising conditions and two-thirds in a combat environment. Three speed ranges
were determined: Range I covers hovering and flight at speeds of up to 50 km/h;
range II encompasses flight at speeds between 50 and 150 km/h; and range III denotes
cruising flight at 250 km/h including a portion of about 10 per cent at the maximum
speed of 300 km/h. Figure 2 shows that 99 per cent of all flight situations occur
at altitudes between 10 and 30 m, and 60 per cent at speeds of 150 km/h and below.

On account of these flight profiles future helicopters will operate during a large
portion of their flying time close to the ground. This mode of operation makes it
imperative to review existing data about engine failures caused by foreign object
damage. The one year statistical table of engine failures in German Army helicopters
(table 1) indicates that damage by foreign objects is a rather frequent occurrence.
TF-e- Fe does not yet reflect the anticipated high ratio of future flights "nap of
'he earth" (NOE) or in the hovering mode. Therefore an increasing FOD rate has to
be expected in the future. For this reason, provisions will have to be made that
sand, stones, hail or ice, are separated from the air before it enters the compres-
sor. An integrated Particle Separator as used by General Electric in Their T 700
engine is considered an adequate solution.

The incorporation of foreign object separators may also be necessary for design
reasons. If,for example, cost considerations lead to the installation of integral rotor
stages in the compressor the risk of having to replace an entire rotor stage due to
FOD on one blade is unacceptable. The use of compound materials such as carbon fibrein the compressor requires siJo protection against foreign object damage.



The scenario future helicopters will be operating irn makes it mandatory that Infrared
Radiation emitted from the hot parts of the engine has to be suppressed in order to
reduce as much as possible the detectabi~ity of the helicopter by IR sensors und its

vulnerability by IR homing missiles. Figure 3 shows how infrared signature is influ-
enced by the temperature involved: Reduction of the exhaust pipe temperature from
64OK t370 K reduces the IR signature to one per cent of its original value.

SINGLE OR TWIN ENGINE PROPULSION SYSTEM

This question - which for helicopters of the upper weight classes has been decided
already in favour of twin or multiple engines - must be evaluated for medium and light
helicopters on the basis of the mission requirements.

The arguments in favour of a single-engined helicopter are listed below:

- the propulsion system is cheaper and lighter,

- for that reason, the helicopter is lighter, smaller and cheaper,

- fuel consumption is lower, and
- the maintenance cost of one engine is lower.

It is conspicuous that this list does not include life-cycle costs. The reason is that
they are dependent, among other things, on the loss rates which can only be estimated
when the required mission profile and the area of operations are known.

According to what has been said above the following arguments in favour of the twin-
engined military helicopter can be summarized:

- no "dead Loan's zone" (if an emergency rating is available),

- in the event of one engine failing:

sufe landing,

self-evacuation capability,

possibly execution (or completion) ot mission,

- lower loss rate - lower life-cycle costs (possibly),

- no need to optimize the rotor system for autorotation,

smaller rotor,

higher maximum flying speed (emergency rating),

- lower fuel consumption in stand-by mode, since one engine is shut down,

- smaller starting power reqaired,

- in the event of FOD or exposure to enemy fire, higher probability of one
engine remaining operational,

- easier handling, since engine weight is lower, modules are smaller,

- quicker accumulation of operating experience (engine running hours).

Figure 4 comes from an evaluation carried out with respect to the PAH-2/HAC antitank
e copter. It shows in terms of height above ground vs. I.A.S., the "dead man's zone"

for both the single and twin-engined helicopter as a function of the ratio between
the emergency rating of the rematning Analn taf÷e- engin e e 4  e ..ur..) and the required
hovering power O.G.E. (outside ground effect).

The parameters are:

- pressure altitude: 1000 m, 0i
- ambient temperature: 25 0C,

- time required to accelerate engine to emergency output: 1 second,

- ground impact speed: 6 m/s,

- pilot does not use the collective pitch after engine failure.

It can be seen that the advantages of the twin-engined helicopter can only be exploited
if two requirements are met by the engine:

First, the engine must be designed for a very high emergency power. In this example, a
calculated emergency rating of 140 % (relative to one half of the total needed O.G.E.
hovering power) would be required for full elimination of the "dead man's zone". The
emergency rating required may be Dlss than this figure, since the kinetic
energy stored in the rotor can be applied to reduce the impact speed. This is also a
matter of optimizing the rotor mass.

The second ioportant aspect is the acceleration capability of the engine. An extension
cC the response time from 1 second to 2 seconds would offset most of the benefits
gained by the high emcrgency rating.

i7
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It is normal procedure for helicopter pilots not to fly within the dead man's zone
longer than absolutely necessary. However, under simulated combat conditions an -
unacceptably - large portion of the mission would have to be flown within the dead man's
zone. From this it is obvious that flight training in peace-time could not be performed
with e single-engined antitank helicopter if flight safety aspects shall be observed.

CHANGED PARAMETERS

It is becoming obvious that, in the long term, some of the parameters applicable
to the development and operation of our defence equipment will change for the worse.
Two aspects shall be covered in this context: fuel and material.

In the past, the design engineer could well assume that aviation fuel of high quality
would be available for the operation of the engine he was to design. But the situation
is changing. In 1980, the freezing point of civilian jet A-I fuel was raised by three
degrees to -47 deg. Centigrade. Although this change will so far not have any great
direct influence on military flying operations (its impact on long-distance flights
and in-flight refuelling is still being examined) we must adapt in time to the fact, that
as a long-term trend, the quality of aviation fuel will deteriorate.

Furthermore, future engines will have to be able to burn Alternative types of fuel. It
is known, however, that synthetic hydrocarbons extracted from coal, oil shale or tar
sand have, by comparison, considerably poorer properties than our present products.
Their higher contents of aromatics produce a higher radiation intensity of the flame
and this, in turn results in a higher load on the cc-mbustor walls. In future,combustor
exit temperatures might be further increased, if possible, to improve the thermodynamic
cycle. This should be done with alternative fuels in mind, the properties of which,
however, are not exactly known yet.

The hope on metallurgical advances bringing about better and better materials for com-
bustors may not be realistic, since some important alloying elements are even now
getting scarce (e.g. cobalt in combustor material C 263). Therefore, future engine
design will have to rely more on technology than on materials.

Since weapon systems are kept in service increasingly longer, engines which start deve?-
opment now will have to operate still in the next century when optimum types of fuel
or material may not be available. This means e.g. for the hot section of an engine that
cooling techniques will have to be improved.

Fi ushows a rather old but interesting example of turbine bladD cooling: The Heitkht -
Lire sw9-011 turbojet engine of ahrod The bu ntrstn, Dr. v. Othain, embheoin: that H1o
nickel or other high-temperature materials were used anywhere in the engine, as such
materials were no longer available in Germany at the time. Thus about 30 % of the
compressor discharge air was used for cooling.

Future fuels with poorer properties will similarly call for improved cooling technology.
Work on methods to reduce the cooling air temperature will probably be a step in the
right direction. Thermo-coating might also enable a chcaper material to be used for
combustors.

Moreover, we must pursue the work on the use of ceramics in the hot section of the engine,
even though a breakthrough in this field may not be possible in the near future. Work
should be directed towards static hot parts,where new concepts could create problems
for metals e.g. in En engine with recuperator, where combustor wall cooling has to be
achieved at cooling air temperature levels far above compressor discharge temperature.

AfioLhel' very important material for aircraft engines is titp-iium, a material which
should perhaps also be regarded as being in short supply. 4igure 6 shows the upward
trend of the titanium price, using a component of the LARZAC engine as an examp-,e. it
is difficult to say whether the price trend, seen by itself, is a sufficiently con-
clusive indicator of the scarcity of the material, but the price alone should be an
adequate incentive to intensify work on high tensile strength steels for compressor
rotor discs.

In addition, manufacturing techniques for titanium should be reviewed. The final titanium
part in an engine after machining makes up only about 20 % of the raw material uued,
while 80 % are non-recyclable scrap. Since powder metallurgy for superalloys is w.tde]y
used in aircraft engines, the application of this technique also to titanium should be
intensified. The price of titanium parts can be expected to be reduced by up to 80 9,
not to mention the large energy savings by use of the powder metallurgy process.

LIFE-CYCLE COSTS

A comparison 'f military technology of the East and the West indicates that the Soviet
Union has so fA invariably stressed numerical superiority and has, therefore, developed
its weapon systems in the shape of simple, rugged items and procured them in large naut-
bers. In spite of this philosophy it has achieved very good technological reqults in
many fields, including that of aero-engine construction.

The West has logically not attempted to compete in the field of large production num-
bers, but has endeavoured to apply the most advanced technology to its weapon systems.

rkI
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This approach has provided high performance to our airborne weapon systems, but also
made them sophisticated and very costly.

This trend coincides unfavourably with the negative development of most economies of
the Western nations. This development is largely attributable to the explosion of the
oil prices and makes it impossible fox, the time being to absorb substantial cost
increases in the defence budget: for example, by high growth rates of our gross nation-
al product.

It follows that we have to make every effort to come to g.-ips with the cost problem of
new weapon systems and to examine, at this point, what share the engine may contribute
to this endeavour.

Hiare 7 shows a breaxdown of the life-cycle-costs of helicopteX' engines3. Engine def.-
Ir :l1{T, though its share of costs is not made visible separately in this figure, has
the greatest impact on life-cycle costs because about 80 % of total LCC are committed
at this early stage of a program.

Engine concept and ther-modynamnc cycle have to be selected in view of the helicopter's
mission and the power requirements. Careful trade-offs have to be made_- between high
specific performance, sophisticated design, lowest fuel consumption on the one hand
and simpl.icity of design, lower productlon and spare parts' prices, easier maintenance
on the other.

Taking again an engine in hte 75) ikw class as, for example, fur chf antitank h'licopter,
parametric studies showed that optimum turbine entry temperature is in the 1400 K range
and pressure ratio about 12. Any increase ic: specific performance would lead only to a
decrease in airflow with all problems of toler:ances and clearances in a saall engine
and related loss of efficiency.

In this context the provocative question may be allowed, to whet degree narrow design
tolerances for seals, tip clearasces etc. are worth tue related production ,:ost increase,
since in most cases a part of the performance gain is lost to degradation after, only
a few running hours.

The aforementioned values for pressure ratio (12) -rd "u.'bin-.A entry temperature
(approx. 1400 K) make it a realistic goal to d•'sign fu' l:. helicopter engines of this
power class having ver.y few rotating part.s, a- .tc.-sibly •._-•oled turbine blades.
FiureS8 shows that industry is working already iy,; t'ia dxructý.ior.

Two other aspects should be mentioned. The number cf n•odulas sd hi.hL design of engine
families.

The modular design yields a number of advantages and c rst reductions a;,peu(t*ally in the
spare engine and maintenance area. However, the number v! niodules sho'.Kd be limited
because every additional interface causes a weight and cost increase. Fi've to six modu-
les should be enough for this type of engine.

In view of the high development and production cost in relation to the r_,tively small
number of military engines produced the principle of designing an engine ftmily-for
military and civil application as well appears advisable to reduco the un.lt production
price.

The users have become very sensitive to fuel consumption. To clarify the ordei .,f magni-
tude the fuel has within LCC for a military helicopter a comparision with the t.i,'il
helicopter is helpful. The main diffurence is in the usage rate of 3000 hrs/yeaiw for
t+. rivi and 25 hr.-/lear fonr the nilita4ry hClicopter.

Under the assumption that a 10 % reduction in SFC to be deaýigned into an engine would
increase the production price by 10 %6 only, at today's fuel prices the c.vil helicopter
would break even after 2 years. The military helicopter accumulating on- 5 1/12 of tn.--
civil flying hours per yeo.r would need 24 years, i.e. it could not break even in the
20 year service life of the system. It is evine,,nt, that fuel consumption of military
helicopter engines does not have the same priority at for turbojets. This does not
mean, however, that th,_ goal of low SFC could be neglected. All measures to achieve low
SFC should still] be pursued because with fuel prices heading out of sight (figure 9)
it will be difficult in the future to keep flying hours at a )evel necessary to mairi--
tamn proficiency. Means to reduce SFC shall, therefore, be discussed.

Figure 10 shows the power requirements of a helicopter vs. I.A.S. It can be seen, that
on average total mission fuel will be burn.d at a power demand of about 60 % of max.
take-off power. Therefore, fuel consumption should be reduced particularly in the partial
power range. This could be achieved by different approaches.

Component efficiency

A lot of research work is going on to increase efficiencies of the engine's turbo ma-
chinery components because of their great influence on overall performance. However, from
the high level of technology already obtained it will be difficult to achieve large
improvements in this field. Cooled high-pressure turbines may have some efficiency poten-
tial provided we succeed in preventing, at least in part, the loss of turbine efficiency
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caused by the mixing of the cooling air into the gas stream. Other measures such as the
decrease in the quantity of cooling air by precooling or by limiting the amount of cool-
ing air during partial load operation may not be reasonably applied to this size engine.

Variable geometry components

In a conventional gas turbine engine the main reason for the increase of specific fuel

consumption at partial load is that it operates at a lower pressure ratio compared to
full power. The goal of variable geometry turbo components is, therefore, to keep pressure
ratio and turbine entry temperature at design point levels even at the reduced part-
load airflows. Variable geometry in the compressor and the power turbine are state of
the art today, however, these alone do not yield significant improvements. Flow varia-
tion at the same time by means of a variable gas generator turbine appears difficult
because of its high temperature level.

In 1978, the Aix-La-Chapelle Technical University conducted a study on behalf of tie
Federal Ministry of Defence to determine what reduction in the fuel consumption for
partial load operation could be accomplished by the use of a two-stage gas generator
turbine with a variable second stage. Using an antitank helicopter mission as a basis,
the study arrived at fuel savings of 5.5 %. In view of this small saving the expense
of designing variable geometry into all three turbocomponents might not be justified.

Gas turbine engine with recuperator

There are two ways, in principle, of integrating a recuperator into a turboshaft engine.
In figure 11 the recuperator is installed in the usual way downstream the power turbine.
Figure 12 shows the specific fuel consumption of this engine versus the pressure ratio,
the turbine entry temperature being the parameter. The diagram is calculated with con-
stant heat-exchange ratio of the recuperator and constant design power level of 900 MW.
In contrast to the conventional gas turbine engine without recuperator turbine entry
temperature has a significant influence on specific fuel consumption. In addition
minimum SFC's occur at considerably lower pressure ratios.

It can be seen that the turbine entry temperature should be kept on a high level even
at part power ratings. Pressure ratio may decrease a little bit, assuming that the
exchange rate of the recuperator increases at the same tire. Variation of the thermo-
dynamic cycle in the engine is achieved by variable guide vanes in the power turbine
and the related variable geometry in the compressor.

Fizure 13 shnws a different arrangement of the 'ecuperator. This time it is located
bctweer the gas generator turbine and the power turbine and is bypassed during full- and
emergency power through a variable bypass. Since this arrangement has not been studied
in detail yet, it cannot be fully assessed, whether it will be possible to realize the
expected advantages.

Advantages over the first arrangement could be:

- large amount of heat exchangeable even at moderate turbine entry temperatures:
.. L.nler turbine cooling,

H.. volume recuperatur because of higher pressure level of compressor discharge air
"•gr'er optimum pressure ratio) and gas stream as well,

- gas generator operation in the upper half of part power range at constant speed and
near optimum values for pressure ratio and turbine entry temperature which remain
almost constant: less cycle fatigue, rapid acceleration,

- emergency power without limitation by recuperator,

- no variable geometry necessary in turbo components.

Disefivantages could be:

- variable bypass required: expensive and design critical bypass valve in the hot
section between turbines,

SFC reduction at part load only,

- IR-Suppressor same size and weight as for conventional engine.

Only few findings are available as yet on helicopter engines with recuperators. In 1978/
1979, however, detailed studies on tank gas turbines with recuperators were conducted
by KHD Oberursel and MTU Munich on behalf of the Federal Ministry of Defence.

We will have to discover what findings from the work on the tank gas turbine are also
valid for helicopter engines. For the near future we shall be unable, for budgetary
reasons, to develop a completely novel helicopter engine with a recuperator.

The regenerative engine will probably not be competitive on just lower fuel consumption.
However, it could have a chance if it leads to a lower weight of the propulsion system
and thus, considering the weight factor, to a lighter helicopter.
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REDUCTION OF ACQUISITION AND MAINTENANCE COSTS

To reduce production costs, to which spare parts' prices are closely related, the follow-
ing requirements have to be implemented, some of which have been incorporated in the
specifications for the Antitank Helicopter 2:
- minimize number of parts and modules,

- minimize material consumption,

- use wherever possible materials that are low in price while making due allowance
for life-cycle requirements and costs,

- minimize amount of machining,

- aim for recycling (as earlier discussed for titanium),
- minimize amount of hardling, and
- minimize number of inspections during production.

Today still too much machining is done which makes for high costs and causes a waste of
raw materials. Machining should be replaced by other and cheaper processes such as cast-
ing, that will also economise on materials. A case in point is a diffusion-bonded tur-
bine rotor consisting of a hot-isostatic-pressed MV 1460 disc and a cast IN-100 blade
assembly (figure 14).

Finally, efforts should be made to reduce the number of inspections during production
which are very time-consuming. The manufacture of components in one step, for instance,
would call for only one final inspection as compared with one or more intermediate
inspections required during the machining process.

MAINTENANCE

One of the principal requirements to ensure cost-effective operation of weapon systems
is their ease of maintenance. This requirement caused the modular design technique and
the "on-condition" maintenance, whereby engine components are replaced according to
the real life time consumed.

Assemblies must be easily accessible and simple to separate. (For example the change of
the flame tube without disassembly of the turbine). Maximum use should be made of quick-
disconnect couplings (clamping bands) instead of bolted joints, a method that also
ecuid be used to fasten nc-Pssorv as shown in figure 15. Efforts should be made to sim-
plify the replacement of modules or assembliess_. twould be desirable if a description
on the equipment itself would suffice to replace it, thus reducing or not requiring at
all the use of manuals or specially trained technicians.
The above mentioned easy replacement of modules and accessories by design should lead

in turn to:

- minimum number of standard tools required for infield service,

- less voluminous handbooks,
- less training for maintenance personnel,

- less maintenance manhours per flight hour (MMH/FH).

As a last point the use of a digital control unit shall be emphasised. Besides a better
control of the engine by more and quicker registration and conversion of the environ-
mental parameters to corresponding engine setting and hence more eificient use of the
engine's potential, the digital control unit could also be used as part of a maintenance
recorder, a necessary device for on-condition maintenance. As the control unit registers
already some engine parameters as RPM, TET, etc. the free computer capacity could be
used to calculate the component life actually expended and give a warning in case of
failure or before design life is fully consumed.

The use of a digital fuel control unit (DCU) ma~es it advisable to separate it from the
engine, as engine bay temperatures of about 250 C and high vibration levels may cause
a malfunction of the electronics.

The future DCU will not be a part of the engine anymore. Engine- and module changes
should be possible then without changing the control unit. In this case self-adjusting
fuel control units are needed to avoid time - consuming and costly test runs for adjust-
ment. Use of DCU places a new requirement on the engine/fuel control designer. That is
to harden the electronics against the electromagnetic pulse of nuclear weapons (EMP).
All advantages of the electronic fuel control would be reversed to the contrary if the
vulnerability of the system would be increased.



25-7

CONCLUSIONS
It appears logical, that in view of changing economic parameters worldwide, future

helicopter engines should be developed along the lines of

- non sophisticated concepts,

- cautious cycle selection in view of small engine size,

- development risk to be reduced by technology programs,

- simplicity of design, with fewer parts and modules,

- most economic manufacturing processes to achieve low production costs, low spare
parts' prices,

- high reliability i.e. more early testing when discovery of problems is less costly,

- good maintainability.

Advanced technology should be applied on the next generation engines to improve LCC
instead of achieving pure performance. Thus not the performance related technological
limits or properties appear to require improvement in the first place but their cost
driving factors which will decide whether we can afford military systems in the future.
The question will inevitably arise of how the certainly larger front end investment
on better engine design, development and more thoroug testing to get all those prop-
erties into an engine shall be paid for. For the time being, the answer should be:
more international cooperation.
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ENGINE-RELATED INCIDENTS

ENGINE FLIGHT HOURS 190.400

NUMBER OF INCIDENTS 97

UNEXP ENGINE REMOVALS 32

FOREIGN OBJECT DAMAGES 24

ENG. COMPONENT FAILURES 15

ACCESSORY FAILURES 10

OTHER EVENTS 50
(CHIP WARNINGetc)

Table 1 Evaluation of Engine-Related
Incidents
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DISCUSSION

S0,Saravannmutto, Ca
Could you comment on the recuperated colifiguration where the heat exchanger is located between the gas generator
and po:! r turbine? Concern is that temperature level at this point would be much higher than that previously used.

Author's Reply
This conf'gurat:mn hLs been examined from first consid.-ratins only. A study is being initiated that will further
dcfine its potential.

i
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